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Stars and planets find their origin in the interstellar medium, the highly dilute
environment that bridges the space between stars. Astrochemistry studies the
chemical processing in the ISM, and this holds the key to understanding the
evolutionary track that starts with diffuse and dense interstellar clouds, and
results in the formation of protoplanetary disks and planetary systems like our
own Solar system. To study these cosmochemical stages, astronomical obser-
vations, astrochemical models and laboratory experiments are combined. This
thesis focuses on laboratory experiments, performed under fully controlled
conditions and simulating the conditions in ISM environments.
Particle densities in the diffuse ISM, with temperatures in the order of 100 K,
are exceedingly low, estimated around 100 particles per cm3 and comprising
mostly of atomic species and small molecules, such as di- and tri-atoms. Denser
regions in the ISM are dark or molecular clouds, which have much lower
temperatures in the order of 15 K and densities up to 106 particles per cm3.
Today more than 200 different molecules have been identified in the interstellar
and circumstellar medium (McGuire, 2018) and the molecular composition
exhibits a surprising diversity, ranging from H2 to complex molecules with
more than ten atoms, and includes both stable and reactive species. The
molecular inventory in dark clouds also includes the so-called complex organic
molecules, or COMs (Herbst and van Dishoeck, 2009). A number of these are
considered to be of prebiotic relevance and as such play a role in our search
for the origin of life (Ehrenfreund et al., 2002). Because of the low particle
densities, both in the diffuse and dense ISM, collisions are far too rare for
efficient gas-phase chemistry to take place. Exceptions exist, but the majority
of the identified molecular abundances in the ISM cannot be explained with gas
phase reactions only. Under these exotic conditions, another type of chemistry
becomes relevant, based on reactions taking place in cryogenic solid-state
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samples. In regions where densities are high enough, ice layers can form on
cold (∼20 K) carbonaceous and silicate nano to micrometer-sized dust particles
through accretion (van de Hulst, 1946; Gillett and Forrest, 1973). These dust
particles are left over from the previous generation of stars, which may produce
these refractory elements when they explode (Tielens, 2013). The ice layers,
containing predominantly H2O, CO, and CO2, but also other species like CH4,
CH3OH and NH3 offer a molecular reservoir. Here particles diffuse and can
collide and react, with the solid phase acting as a third body absorbing excess
reaction energy, facilitating the formation of species far more efficiently than in
gas phase reactions. It is generally assumed that the chemical composition of
icy dust layers exceeds the 10 to 12 different species identified so far in ices, but
although a number of unidentified features are seen, no identification of the
species responsible for these absorptions have been found (Boogert et al., 2015).
In the laboratory, however, it has been shown that many different species can
be formed from ice mixtures representative for the ISM upon ice processing
with for instance UV-irradiation, bombardment with electrons or H-atoms and
upon cosmic ray impacts or thermal processing. (Öberg et al., 2009a; Fuchs
et al., 2009; de Barros et al., 2011; Theulé et al., 2013; van Dishoeck, 2014; Öberg,
2016)
Dark clouds are the regions in the ISM where stars and planets form.
When a cloud starts to gravitationally collapse, a protoplanetary disk can form.
This protoplanetary disk consists of the gas and dust originating from the
molecular cloud material, with a young stellar object (YSO) in the center, that
will eventually develops into a star. The material in the protoplanetary disk is
what later forms the planets, moons, comets and other celestial bodies. The
chemical evolution of the ice-covered particles in the ISM thus plays a role in
the chemical enrichment of planets. Moreover, ice layers are relevant in the
coagulation efficiency of dust particles (Ormel et al., 2009; Krijt et al., 2016).
Different species condensate at different temperatures, and regions where these
temperatures occur are referred to as snow lines. The position of these snow
lines at specific distances from the YSO are considered essential for the chemical
composition of the celestial bodies forming around it. During a later stage,
after the planets are formed, they are bombarded by left-over debris – comets,
asteroids, interplanetary dust particles – including all the material formed
in the ISM, including water and COMs, effectively enriching the surface of
planets with building blocks of life (Chyba and Sagan, 1992; Ehrenfreund et al.,
2002; Herbst and van Dishoeck, 2009; Herbst, 2014). The chemistry evolves
further during the protoplanetary phase, as matter is exposed to heat and
radiation from the newly forming star, and the chemistry evolves for another
few million years under the relatively dense conditions in the protoplanetary
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disk (Visser et al., 2009; Eistrup et al., 2016). Molecules formed on icy grains
in dense interstellar clouds thermally desorb (sublimate) and react in the gas
phase. Other species may fragment or ionize upon UV irradiation from the
light emitted by the star, a process that is strongly depending on the position of
the icy dust particles in the disk. Subsequently the species may deposit again,
resulting in large scale mixing of water throughout the protoplanetary disk.
The work described in this thesis focuses on radiation-induced chemical
processes in inter- and circumstellar ices. Along the ice’s journey from a dark
cloud to protoplanetary disks and planetary systems, the icy dust grains are
continuously exposed to energetic radiation of various kinds. Cosmic rays,
energetic particles generated in supernovae, can penetrate deep into the ice
and generate a plethora of secondary reactions. During the dark cloud ages,
cosmic-rays can induce excitation of hydrogen, resulting in a steady flux of
Lyman α (121 nm) and other vacuum ultraviolet (VUV) radiation. Later, in the
protoplanetary and planetary phase, ice is exposed to radiation from the host
star. The VUV photons can result in photo-desorption, a process well studied
in the laboratory astrophysical context (Öberg et al., 2009b; Fayolle et al., 2011;
Fayolle et al., 2013; Muñoz Caro et al., 2016; Bertin et al., 2016; Cruz-Diaz
et al., 2018). Photons with wavelengths shorter than 250 nm, emitted by young
stars, are energetic enough to break most chemical bonds, resulting in photo-
dissociation or ionization within the ice, further inducing chemical reactions.
In order to study these processes quantitatively on Earth, a special laboratory
setup has been used, capable of simulating the physical conditions that the icy
dust grains experience in the ISM. Water ice has been investigated as a host
for different molecules of interest: polycyclic aromatic hydrocarbons (PAHs),
which are estimated to carry approximately 10% of the cosmically available
carbon Tielens (2013), and amino acids, fundamental in life as we know it.
As water is one of the most abundant molecules in dark clouds, part of the
work presented here also focuses on characterizing the optical properties of
water ice in space. The results contribute to our understanding of the chemical
role of ices in space and may help to interpret and to guide astronomical
observations. The work described in this thesis focuses on radiation-induced
chemical processes in inter- and circumstellar ices. Along the ice’s journey from
a dark cloud to protoplanetary disks and planetary systems, the icy dust grains
are continuously exposed to energetic radiation of various kinds. Cosmic rays,
energetic particles generated in supernovae, can penetrate deep into the ice
and generate a plethora of secondary reactions. During the dark cloud ages,
cosmic-rays can induce excitation of hydrogen, resulting in a steady flux of
Lyman α (121 nm) and other vacuum ultraviolet (VUV) radiation. Later, in the
protoplanetary and planetary phase, ice is exposed to radiation from the host
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star. The VUV photons can result in photo-desorption, a process well studied
in the laboratory astrophysical context (Öberg et al., 2009b; Fayolle et al., 2011;
Fayolle et al., 2013; Muñoz Caro et al., 2016; Bertin et al., 2016; Cruz-Diaz
et al., 2018). Photons with wavelengths shorter than 250 nm, emitted by young
stars, are energetic enough to break most chemical bonds, resulting in photo-
dissociation or ionization within the ice, further inducing chemical reactions.
In order to study these processes quantitatively on Earth, a special laboratory
setup has been used, capable of simulating the physical conditions that the icy
dust grains experience in the ISM. Water ice has been investigated as a host
for different molecules of interest: polycyclic aromatic hydrocarbons (PAHs),
which are estimated to carry approximately 10% of the cosmically available
carbon Tielens (2013), and amino acids, fundamental in life as we know it. As
water is one of the most abundant molecules in dark clouds, part of the work
presented here also focuses on characterizing the optical properties of water
ice in space. The results contribute to our understanding of the chemical role of
ices in space and may help to interpret and to guide astronomical observations.
In the next sections, the astrochemical environment is discussed in more
detail. In section 1.1 an overview is presented of what we know about ice in
the ISM. The chemistry in and on the icy dust grain is described in section
1.2. Section 1.3 focuses on water ice in space, its formation, and its physical
properties. Then the possible role of frozen PAHs is discussed in section 1.4.
The laboratory aspects are discussed in section 1.5. This chapter concludes
with summaries of the main results described in Chapters 2 to 5 of this thesis.
1.1 Ice in the interstellar medium
Icy dust grains are found in the dense and dark regions of the ISM known
as dark or molecular clouds (Bergin and Tafalla, 2007). These patches in the
sky were initially identified as “starless regions“ when discovered in the 18th
century (Herschel, 1785). Later it was hypothesized that the stars were not
absent, but likely obscured in some way (Barnard, 1919; Bok and Reilly, 1947).
Dark clouds are opaque when investigated in the optical regime, but in infrared
and submillimeter wavelengths, observations showed that dust is blocking
the optical view on the interiors of these clouds and that in fact these regions
are very dynamic and active formation of stars is taking place here. Figure
1.1 shows a molecular cloud, NGC 6334, also known as the Cat’s Paw nebula,
both in the visible/near infrared, where mostly stars are seen, and in the
submillimeter, showing emission from cold dust particles. The dark patches in
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the top picture appear void of stars, and correspond to the presence of most
dust emission in the bottom picture. The contrast between what we see in the
UV-vis and what is seen in submillimeter wavelengths is a good example of
what one can learn from looking into space at different wavelengths: regions
that may be dark in one wavelength range may be very bright and rich in
information in other wavelength ranges.
Dark clouds are typically several light years in size. If one would take
a cross-section, the density increases and the temperature decreases when
going from the edge deeper into the cloud. The depth is often expressed in
visual extinction: Av. Visual extinction is determined from the amount of light
absorbed and scattered by the cloud, ideally by looking at a well-characterized
standard background star. As dust is found to predominantly attenuate light
with shorter wavelengths, one can look at the amount of ’missing’ light when
comparing the star’s spectrum with a black body emission curve. With increas-
ing Av more volatile species deposit on the cold dust grains, and column
densities of ice are found to increase: H2O ice is found from Av > 2, CO2 ice is
present from Av > 3, and CO ice is seen deeper when Av > 8 (Boogert et al.,
2015).
Our knowledge about the internal composition of dark clouds is largely
based on observations performed in the infrared between (3 and 16 µm) using
telescopes in space, as Earth’s atmosphere makes observing the broad ice fea-
tures from ground-based facilities nearly impossible. Particularly important
were the infrared space observatory (ISO) and Spitzer space telescope (Gibb
et al., 2004; Boogert et al., 2008; Pontoppidan et al., 2008; Öberg et al., 2011).
Water is found to be the most abundant species in interstellar ice, and other
confirmed species are: CO, CO2, CH4, NH3, and larger species like CH3OH
(Grim et al., 1991; Boogert et al., 2008; Boogert et al., 2015), as well the ions
OCN– and NH +4 (van Broekhuizen et al., 2005; Schutte and Khanna, 2003). An
overview of the detected ice components is shown in Table 3.1. It is very likely
that many more molecules reside as frozen species on dust grains, such as
larger COMs formed in ongoing surface reactions (Schutte et al., 1996; Gibb
and Whittet, 2002), as well as polycyclic aromatic hydrocarbons (Sellgren et al.,
1994; Hardegree-Ullman et al., 2014). For the latter ones, no spectroscopic
proof has been found yet, even though dozens of COMs and PAHs embedded
in water matrices have been studied in the laboratory (see Schutte et al., 1999;
Terwisscha van Scheltinga et al., 2018; Bouwman et al., 2011) or collected in
the online databases summarized in Boogert et al. (2015). Figure 1.2 shows
a spectrum of ice absorption in the light from an embedded YSO. The spec-
trum is dominated by water, shown separately at the top, and a number of
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FIGURE 1.1: Two images showing the NGC 6334 molecular
cloud at two different wavelength regimes. The top image
shows areas where stars appear to be sparse, but in fact, stars
are obscured by dust particles, as shown in the bottom panel
by the submillimeter emission. These very same dust particles
can carry the interstellar ice studied in this thesis. Credits:
ArTeMiS/ESO
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other prominent molecules are highlighted. The full list of species detected in
interstellar ices is shown in Table 3.1.
FIGURE 1.2: Infrared spectrum of ice-covered dust grains
towards massive young stellar object AFGL 7009 S. Modified
from Dartois et al. (1998) and Boogert et al. (2015).
Returning to the ice’s’ journey from the embedded YSO phase; as the YSO
continuous to evolve, more material falls into the center, the YSO growing more
massive, and increasing in temperature and pressure until fusion conditions
are met (e.g. see the classification by Lada and Wilking, 1984 or Evans et
al., 2009). With the increasing amounts of radiation, the surrounding natal
cloud will eventually be stripped away. A fraction of the icy dust grains
will be heated above the sublimation temperature of the ice, revealing its
composition in the gas phase. As the dust and gas are blazed away, the
presence of a disk is revealed (Evans et al., 2009; Williams and Cieza, 2011).
This protoplanetary disk consists of a relatively flat, dense region in mid-plane,
rotating perpendicularly to the star’s rotation with a large amount of gas and
dust suspended around it. Part of the ice-covered dust particles survive the
transition into the protoplanetary disk, but mainly in the denser mid-planes
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closer to the star and further away where temperatures are low enough to
maintain the low temperatures (e.g. Markwick et al., 2002 or Visser et al., 2009).
Protoplanetary disks are highly dynamic, and modeling studies suggest they
have lifetimes in the order of around 10 Myr. The active photo-processing of
the disk results in a release of once-frozen species, and allows us to observe the
physical conditions and the chemical abundances in these regions. Ice has been
dectected in edge-on disks, and is expected to be a major reservoir of species
in the midplane (Visser et al., 2009; Boogert et al., 2015). It is expected that the
upcoming James Webb Space Telescope, which has significantly more resolving
power and sensitivity than ISO or Spitzer, will provide much insight into ice in
disks, and possibly reveal the presence of larger molecules embedded within
these ices.
The protoplanetary disk from which our planets formed is called the solar
nebula. The clear distinction between inner rocky planets and the outer gas
giants reveals some of the history of the protoplanetary disk, and reflects what
the disk temperature was at the time of planet formation. The presence of
the so-called snow lines provides an inner limit on the solid phase of volatile
species, resulting in the current layout of our planets: rocky in the inner
solar system and gas-rich further away from the sun (the terrestrial planets
being too light to retain H2 and He). It should be noted though, that recent
discoveries of exo-planets have put a side note to this theory, as gas giants
are seen too close to their host stars to be consistent with how much material
is expected to be present in the protoplanetary disk (e.g. see Dawson and
Johnson, 2018). It is thought that planet migration plays an important role
here, resulting in planetary composition beyond the restrictions of the snow
lines in protoplanetary disks. Nevertheless, the rocky planets in our solar
system are thought to be formed from the bare dust grains (Morbidelli et al.,
2012). At a later stage, water, other volatiles and more complex molecules were
likely delivered to planets by comets, asteroids, meteorites, and interplanetary
dust particles (IDPs) (Morbidelli et al., 2012; Alexander et al., 2018). The
implications of this are that the dust grains, ice-covered or not, do not only
play an important role in planet formation, but also contribute significantly
to the composition of planets like our own, and possibly even to our current
biosphere, if delivered by comets or interplanetary dust particles.
Interestingly, significant overlap exists between interstellar ice species
and molecules detected in the coma of comets (Mumma and Charnley, 2011).
Comets are considered as the most pristine material left over from the solar
nebula, and thus provide insight into its composition at that time. This applies
particularly dynamically new comets, which are comets which are thought to
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have been in the Oort since the formation of the Solar System (Mumma and
Charnley, 2011). Cometary and interstellar ice shows overlap in their molecular
composition, even though the methods used to study them are vastly different;
interstellar ice constituents are detected by their solid-state infrared absorption
features, but comets can be studied in emission from the vacuum UV to the
radio regime. As the material in the coma is sublimated, and subsequently
studied in the gas phase, the species present in the gas phase are an indirect
probe of the cometary nucleus. This leaves relatively large uncertainties on the
constraints of the original ices. Moreover, strong compositional variations are
seen on diurinal and seasonal time scales, indicating that the nuclei itself is
all but homogeneous (Dello Russo et al., 2016; Bockelée-Morvan et al., 2016).
Here, visits to comets by space craftprovide especially valuable information.
The Rosetta mission to 67P/Churuyomov-Gerasimenko, for instance, has pro-
vided much information about 67P that could not be obtained from Earth. One
particularly relevant example for this thesis is the detection of the simplest
amino acid, glycine (NH2CH2COOH) in the coma of 67P/C-G (Goesmann
et al., 2015; Altwegg et al., 2016), but also the detection of a relatively large
reservoir of molecular oxygen (Bieler et al., 2015) and the abundance of noble
gases and their isotopes (Balsiger et al., 2015; Marty et al., 2017) have provided
surprising insights into molecular cloud and protoplanetary disk processing.
The abundance of noble gasses in 67P is directly linked to the abundance of Xe
and its isotopes in the Earth’s atmosphere (Marty et al., 2017). It is important to
keep the limits of the remote-observation techniques in mind when considering
our knowledge about cometary and interstellar ices.
1.2 The catalytic role of icy dust grains in the formation
of molecules
Icy dust grains are not only a molecular reservoir but also facilitate surface
reactions. It was in Leiden that the first ice mixtures of CO, H2O, NH3, and
CH4 were irradiated with VUV radiation, simulating ISM conditions. The
subsequently recorded infrared spectra hinted to a wealth of newly formed
molecules (Hagen et al., 1979). The authors interpreted their experiment as
the solid state equivalent of the Urey-Miller experiment (Miller, 1953). Years
later similar experiments were conducted, and the ex situ mass spectrometric
analysis of the resulting residues showed the presence of amino acids (Muñoz-
Caro et al., 2002; Bernstein et al., 2002). With technical advances, more and
more species have been detected in these “Greenberg“ experiments by a num-
ber of groups, including urea (Nuevo et al., 2010) and sugars (de Marcellus
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TABLE 1.1: Composition of interstellar ices and cometary ices
relative to water. Where significant, a range is shown. The inter-
stellar ice compositions cover those reported in the different
environments by (Boogert et al., 2015). Values for comets are
taken from (Mumma and Charnley, 2011), except for the values
for CO2, CH4, and OCS, which are the averages as measured
by VIRTIS on board the Rosetta spacecraft around 67P/C-G
(Bockelée-Morvan et al., 2016).












NH +4 10 -
SO2 0.2 0.2
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et al., 2015b; Meinert et al., 2016). High-resolution mass spectrometry stud-
ies revealed the presence of molecules with masses up to 4000 atomic mass
units (Danger et al., 2016), indicating how vastly diverse and complex the
composition molecules in these residues become. It should be noted though,
that as these studies are ex situ, residues are heated to room temperature, and
chemically treated prior to analysis, there still remains some ambiguity as to
at which stage in the experiments the compounds are formed. The challenge
of this work lies in understanding which processes take place and whether
(all) these are astrophysically relevant. The molecular diversity found in the
“Greenberg-experiments“ was compared to the diversity in organic compounds
found in the Murchison meteorite, which is one of the most studied carbon-
rich meteorites (Danger et al., 2016). Carbon-rich meteorites of this type are
amongst the earliest material formed in the solar system, (Cody and Alexander,
2005; Schmitt-Kopplin et al., 2010; Elsila et al., 2016). Similarly, the molecular
diversity in comets is of comparable complexity, as was demonstrated from
the analysis of interplanetary dust particles originating from comets, as well
as from grains captured in the Stardust mission (Cody et al., 2011; Starkey
et al., 2013; Brownlee, 2014). What the distribution of organic molecules in
cometary grains, meteorites and the Greenberg experiments have in common
is an extreme diversty in the molecular composition, resulting from exessive
energetic processing.
Starting some 15-20 years ago, with the introduction of ultra-high vac-
uum technology in laboratory astrophysics, new types of experiments were
conducted. Studying the reactions in situ and under well-controlled condi-
tions, it became possible to reveal entire reaction mechanisms for individual
molecules. VUV irradiation of methanol ice, for example, was shown to result
in the formation of a substantial number of COMs, including ethers CH3OCH3,
aldehydes (H2CO), esters (HCOOCH3) and acids (CH3COOH), aside from a
number of smaller molecules such as CO and CH4 and several radical species
(Öberg et al., 2009a; Paardekooper et al., 2016). Some of these molecules were
already identified in the gas phase in the ISM. Similar results were obtained
when CH3OH was exposed to energetic electrons (Bennett et al., 2007), and
cosmic-ray-like particles (de Barros et al., 2011). Studies where simple ice
mixtures consisting of CH4:HNCO, both identified in interstellar ices (Lacy
et al., 1984; Gibb et al., 2004; van Broekhuizen et al., 2005), were exposed to
VUV radiation have shown to result in a plethora of amine ( NH2) and amide
( C(O)NH2) containing compounds, opening the pathway for the formation
of amino acids and peptide bonds (Ligterink et al., 2017; Ligterink et al., 2018).
The formation of simple molecules, including H2O, CO2, and CH3OH was
shown from the hydrogenation of O2 and CO ice (Ioppolo et al., 2008; Ioppolo
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et al., 2010; Cuppen et al., 2010). More recently, it was shown that radical recom-
bination reactions can result in the formation of carbon-carbon bonds through
successive addition/abstraction reactions, eventually yielding glycolaldehyde
and glycerol (Chuang et al., 2016; Fedoseev et al., 2017). Thermally induced
reactions also have been shown to result in the formation of larger complex
species (Theulé et al., 2013). In parallel, the resulting parameters – reaction
rates, reaction barriers, diffusion constants, and absorption energies – are used
as input in astrochemical models (see e.g. Wakelam et al., 2010; Herbst, 2014
and references therein), allowing for simulation of the chemical evolution of
dark clouds and protoplanetary disks.
From this, it is clear that many different processes, characteristic for spe-
cific evolutionary stages of ices in space, can result in the formation of new
molecules in the solid state. In a reverse way, the detection of such species,
when found in the gas phase will tell more about the processes at play. Molecules
can be used as diagnostic tools as their spectral fingerprints do not only reveal
their presence, but also reflect the physical conditions they are in.
Equally important is to understand how stable newly formed molecules
will be. For example, once a solid-state reaction network has resulted in the
formation of an amino acid, like glycine, how big is the chance that such a
molecule survives inside the ice in the harsh conditions typical for the ISM?
That is, besides pure spectroscopic studies of ices required to identify such
species in the ISM, dynamical laboratory studies are also needed to simulate
the processes taking place in the ice.
1.3 Water ice in space
As water is arguably the most important molecule in astronomical ices, con-
straining how water can be formed is of critical importance for our understand-
ing of the ISM. In hot interstellar environments, water can be formed in the gas
phase, resulting in a few 10−7 molecules of water per H2 (Smith et al., 2004; van
Dishoeck et al., 2013). For lower temperatures, such as those in dense clouds,
gas phase routes towards water formation are relatively inefficient. As the
observed abundance of water is ∼10−4 with respect to H2, other mechanisms
must be involved (van Dishoeck et al., 2013). The solid-state formation of water
was first described in detail from a theoretical perspective (mostly based on
gas phase reaction rates) by Tielens and Hagen (1982). These authors used
constants from the physical-chemistry literature to study the evolution of ices,
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describing the concentration of each species as a function of time. A number
of different formation mechanisms for water were proposed, for which the
underlying reaction networks and temperature dependent reaction rates were
experimentally determined much later (Miyauchi et al., 2008; Ioppolo et al.,
2008). Later computational studies constrained the relative importance of the
different reactions, confirming that water forms in solid-state in hydrogenation
schemes involving O, O2 and O3 (Cuppen et al., 2010; Lamberts et al., 2013;
van Dishoeck et al., 2013; Linnartz et al., 2015).
Water ice in space is most often found in its amorphous form: ASW –
amorphous solid water (Gillett and Forrest, 1973; Smith et al., 1989; Boogert
et al., 2008). Laboratory studies have shown that ASW grown by deposition
can contain varying amounts of void space, or porosity, as a function of the
growth conditions (Dohnálek et al., 2003; Clements et al., 2018). It is still
not fully clear how porous interstellar ASW is, but lacking signatures for
unbound OH groups – an indication of porosity – suggests ASW may be
compact, although this diagnostic is not fully conclusive (Keane et al., 2001;
Bossa et al., 2015b). Crystalline water ice exists in space, but only when it has
been radiatively processed or heated above 130 K (Palumbo, 2006; Raut et al.,
2007). Crystalline water ice has been detected in protoplanetary disks (McClure
et al., 2012; Terada and Tokunaga, 2012; Min et al., 2016). The transition from
amorphous to crystalline is exothermic and non-reversible. Both amorphous
and crystalline ice are known to trap volatile species suchs as N2, CO and
the noble gasses. The release of these gases coincides with the phase change
from amorphous to crystalline and with the sublimation of the H2O, i.e. at
temperatures far above the sublimation temperatures of the trapped species
(Bar-Nun et al., 1985; Bartels-Rausch et al., 2012; Rubin et al., 2015)
1.4 Polycyclic aromatic hydrocarbons in ices
Polycyclic aromatic hydrocarbons (PAHs) are found widely throughout space
by their infrared emission signatures (Allamandola et al., 1989; Draine and Li,
2007; Tielens, 2008). Emission from dust-rich regions such as photodissiciation
regions, planetary nebula and even nearby galaxies show the presence of aro-
matic bonds, indicating wide abundance of this class of molecules (Draine and
Li, 2007; Tielens, 2008). PAHs consist primarily of six carbon atoms fused into
aromatic rings, but may also contain oxygen or nitrogen insertions (Tielens,
2013). Aromaticity occurs when one electron on each atom in a six-membered
carbon ring is delocalized, resulting in so-called conjugated molecular bonds,
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which effectively allows the electrons to roam free around the atomic skele-
ton. The direct consequence of aromaticity is a significant stabilization of the
molecule. Inherent to aromaticity are large electronic absorption cross-sections,
and as a result, PAHs are generally strong absorbers of UV light. In space, in
the gas phase, the absorbed energy is re-emitted as infrared radiation – which
is how the presence of PAHs is revealed – and that is in turn easily absorbed
by other molecules, effectively leading to local heating (Draine and Li, 2007).
Another consequence of the electron delocalization in PAHs is the relative
stability of charged PAHs. Most organic molecules are likely to fragment upon
vacuum UV excitation instead of being ionized, but PAHs are relatively stable
as ions. Hence, PAHs are thought to be present both positively and negatively
charged in the ISM and to contribute significantly to the ionization balance in
the ISM (Tielens, 2008). Identification of a specific PAH, however, has remained
elusive, as the infrared emission features are rather similar for different. Based
on the ubiquitous detection of PAH emission features in the ISM, the estimate
is that PAHs carry up to 10 % of the cosmic carbon, contigient on assumptions
about the infrared band strengths and molecular size (Tielens, 2013). PAHs
features are not visible in the colder environments of the ISM, which suggests
that these non-volatile species accrete onto dust grains and end up in the ice
layers. This is interesting, both from an astronomical and a physical-chemical
point of view. Once embedded in an ice matrix, the ionization potential of
the PAHs is thought to be lowered, which further enhances the formation of
PAH cations (Gudipati and Allamandola, 2004). PAHs embedded in ice offer
different starting conditions for chemical processes than bottom-up reaction
schemes in which smaller species merge into larger ones; in the case of PAHs a
large precursor stage (e.g. a carbon skeleton) has already been realized and this
may react with for instance OH radicals which form upon water photolysis
(Nuevo et al., 2014; Cook et al., 2015).
As in the gas phase, in the solid state it is hard to discriminate between
different PAHs using infrared (i.e. vibrational) spectroscopy; similar modes
exhibit similar spectral features, resulting in non-unique and overlapping
spectra. Moreover, in the infrared, many of the PAH and PAH-cation features
will be hidden in the strong water absorptions of the ice they are embedded
in. In a number experiments conducted in the past, this has been overcome
by using high PAH abundances in ice mixtures, conditions not necesairy
representative for the ices in the ISM. Optical (i.e. electronic) spectroscopy
may offer an alternative way for studying ice embedded PAHs, both in the
laboratory and possibly also in space (Salama, 2008; Linnartz, 2014). As stated
before, aromatic molecules tend to have strong transitions in the UV-vis range.
These transitions do not coincide with water absorption, as water is transparent
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in this wavelength range. Moreover, electronic spectra are very distinctive
for individual PAHs (i.e. practically unique, as apposed to the very similar
infrared spectra), and change completely upon ionization of the PAH. In this
thesis the experimental procedure to study PAHs and PAH-cations embedded
in water ice, both in the UV-vis and IR will be discussed.
1.5 Laboratory studies of astrophysical ice mixtures
It is only through dedicated laboratory astrochemical studies that the chem-
istry in dark clouds, protoplanetary disks, and star-forming regions can be
understood, as the physical and chemical conditions in these locations is vastly
different from what is typically considered in physical chemistry studies on
Earth. As the composition of the ice is reflected in the gas phase upon evolu-
tion of the molecular cloud into a YSO, understanding of molecular formation
mechanisms in the solid-state is crucial for our understanding of the molecular
inventory of star and planet forming regions. Without constraining the reac-
tions taking place in the solid phase, the ISM would not be understood as well
as we do now.
In the laboratory, the conditions in the ISM can be mimicked, allowing us
to simulate the reactions taking place. Pressures reached in state-of-the-art
ultra-high vacuüm setups regularly are below the 10−10 mbar range, which
correspond to molecular mean free path lengths of hunderds to thousands of
kilometers m. These particle densities are still higher than what is expected
to be present in molecular clouds, but enables nearly complete control over
the species involved in an experiment. In the high-vacuüm regime, such as
reached in the experiment in this thesis (pressures above 10−8 mbar), water
remains a background gas, which may affect surface reactions. Temperatures
reached in the laboratory are often between 10 and 15 K, but reaching 4 K is
possible using commercial equipment. Considering that the temperatures even
deep inside molecular clouds are in the 10 K range, the physical conditions
in can be adequately constrained in laboratory astrophysical studies. See van
Dishoeck (2014) and Öberg (2016) for recent overviews of developments in the
field.
A number of wavelength regimes are considered in this thesis, which we
will define as following. The vacuüm ultraviolet (VUV) is defined by the MgF2
cut-off value assumed to be at 120 nm, i.e. including the hydrogen Lyman α
transition, but not the more energetic Lyman transitions. The long-wavelength
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edge of the VUV is 200 nm, where the ultraviolet region starts (200–400 nm).
The visible describes the wavelength range between 400 and 750 nm. Here,
we consider the near-infrared to be between 750 and 2500 nm, where the mid-
infrared range starts until 25,000 nm. In the mid-infrared the wavelengths are
reported in wavenumbers (i.e. between 4000 and 400 cm−1).
Infrared spectroscopy is most often applied to study astronomical ice mix-
tures, as the ice is directly probed, it is non-destructive, and the obtained
spectra can directly be applied to observations of ices in space. UV-vis and
VUV spectroscopy, and more recently far-IR or terahertz spectroscopy are
also used to investigate the molecular properties of interstellar ice analogs.
Particularly in the case of VUV spectroscopy, the photons are destructive for
the ice and thus the diagnostic capacity of VUV spectroscopy is limited. The
photons used in UV-vis spectroscopy are typically not energetic enough, and
the fluxes too low to induce significant chemical changes in the ice sample.
Other approaches, such as temperature programmed desorption-quadrupole
mass spectrometry (Collings et al., 2004; Öberg et al., 2009a; Ligterink et al.,
2018) or laser ablation-mass spectrometry (Paardekooper et al., 2014; Hender-
son and Gudipati, 2015) enable very sensitive detection of ice constituents at
the expense of destruction of the ice. The use of isotopic labeling provides
additional diagnostic information, by enabling the following labelled atoms in
a reaction. Isotopic labelling is used in the infrared but particularly powerful
in mass spectrometric techniques.
In this thesis, the focus is on vacuum UV induced processes in interstellar
ices. Spectroscopic analyses are performed in the UV-vis and infrared. In
order to simulate the radiation in space, a microwave discharge hydrogen
plasma lamp is used (Warneck, 1962). The light emission from the plasma
mimics the VUV radiation in space, providing a relatively accessible way to
simulate the part of the radiative conditions in space (Cruz-Diaz et al., 2014;
Ligterink et al., 2015; Heays et al., 2017). The flux of the lamp is many orders
of magnitude larger than is expected to be present in dark clouds (see Chapter
5), but it should be noted that the photon flux applies is still far below what
would be required for multi-photon processes. This ensures the results from
the laboratory can safely be extrapolated to what ice would experience in dark
clouds.
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1.6 This thesis
The studies in this thesis are performed with an experimental setup capable of
measuring the IR and UV-vis spectra of interstellar ice analogs, with the option
of embedding non-volatile species within these ices. Ices and the embedded
species are continuously studied while being exposed to vacuum UV radiation.
The setup was redesigned and extended as part of this thesis project. A new
method to determine ice thickness has been developed, which also allows
determining optical constants of the ice under investigation. A special focus is
on water ice, given its important role in the ISM. The optical and photochemical
properties of amorhous solid water, and its influence on embedded species are
investigated. If PAHs are abundantly present in water ice, and easily ionized,
can we identify a unique spectral signature to search for PAHs in the ice in
space? If complex molecules, like amino acids, are formed in the ice, how
likely are they to survive the radiation in space? What is the protective role of
ASW? What are the optical properties of ASW at different wavelengths? These
questions are addressed in the next chapters.
FIGURE 1.3: Schematic drawing of the setup used in this thesis.
It shows the transparent window in the center, suspended
in the gold-colored cold head. The different light paths are
colored: VUV light in magenta, IR in red, UV-vis in blue. The
gas deposition tube, with the oven suspended underneath it, is
shown in green.
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• Chapter 2 describes the experimental setup and measurement proce-
dures in detail. The setup was constructed for the research described
here, and is capable of simultaneous UV-vis and IR spectroscopy of
interstellar ice analogs. A custom made sublimation oven enables the
controlled co-deposition of non-volatile molecules like PAHs and amino
acids. Ices can be processed by exposing them to the VUV radiation from
a hydrogen plasma lamp, which mimics the radiation in dark clouds. The
capability of simultaneous UV-vis and IR spectroscopy allows probing
both the bulk species in the ice by the vibrational transitions, and the
highly molecule-specific electronic transitions. By detecting species in
the UV-vis which are invisible in the IR and vice versa,it is demonstrated
that these methods are not only complementary, but that both techniques
also enhance one another by using accurate quantification of molecules
in the UV-vis to constrain infrared band strengths. By combining both
techniques the ice can be very well characterized and monitored while
active processing takes place.
• Chapter 3 presents a new method to determine the refractive index of
ice. In order to characterize interstellar ice, it is crucial to know the
refractive index n as a function of the wavelength (λ) accurately, as
this describes the propagation of light through the ice. Water is by
far the most abundant ice component, and its optical properties are
needed for a correct interpretation of astronomical observations and
astrochemical modeling. Prior to these studies, the refractive index of
amorphous ice, the state in which most ice in space is in, was not well
constrained, and n(λ) of crystalline ice in the UV-vis was only known at
moderate resolution. The new method relies on dynamic broadband UV-
vis interferometry to derive a continuous function of n(λ) of amorphous
solid water between 10 and 130 K, as well as crystalline ice at 150 K.
A general formula for calculating the refractive index of water ice as a
function of the porosity and wavelength, applicable between 210 and 757
nm, is provided.
• Chapter 4 investigates the polycyclic aromatic hydrocarbon triphenylene
(C18H12) embedded in water ice. Triphenylene is symmetrical and fully
benzenoid and has strong absorptions in the UV. It has been detected in
meteorites, and because of its relative photo-stability, it may be abundant
in the ISM. Although the ions of PAHs are relatively stable compared
to other organic molecules, preparing these in sufficient quantities to
measure the absorption spectra is challenging. The UV-vis spectrum of
the cation of triphenylene is recorded in high resolution, and, in line with
expectations, show strong absorption in the near-UV. The absorption
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spectrum in water is provided, which can be used to search for the
triphenylene cation in interstellar ice.
• Chapter 5 constrains the role of water ice in the VUV induced photo-
chemistry of glycine embedded in ASW. Glycine is exposed to VUV
radiation, and the reactions and products are studied using both UV-
vis and infrared spectroscopy. By comparing the reaction in water and
a chemically inert host, the role of ASW can be deduced. The labora-
tory results are used to conclude on how frozen amino acids behave
in space. The penetration depth of VUV photons into the water ice is
determined, revealing 152 nm of water ice decreases the VUV radiation





A multifunctional setup for
astronomical ices
Abstract
A new multi-functional high vacuum ice setup is described that allows to
record the in situ and real-time spectra of vacuum UV (VUV) irradiated non-
volatile molecules embedded in a low temperature (10 K) amorphous solid
water environment. Three complementary diagnostic tools – UV-visible (UV-
vis), Fourier Transform Infrared (FTIR) spectroscopy, and Temperature Pro-
grammed Desorption Quadrupole Mass Spectrometry (TPD-QMS) – can be
used to simultaneously study the physical and chemical behavior of the organic
molecules in the ice upon VUV irradiation. The setup is equipped with a tem-
perature controlled sublimation oven that enables the controlled, homogeneous
deposition of solid species such as amino acids, nucleobases and polycyclic
aromatic hydrocarbons (PAHs) in ice mixtures prepared from precursor gases
and/or liquids. The resulting ice is photoprocessed with a microwave dis-
charge hydrogen lamp, generating VUV radiation with a spectral energy distri-
bution relevant for the interstellar medium.
The characteristics, performance, and future potential of the system are dis-
cussed by describing three different applications. First, a new method is
introduced that uses broadband interference transmission fringes recorded
during ice deposition, to determine the wavelength dependent refractive index,
nλ, of amorphous solid water. This approach is also applicable to other solids,
pure and mixed. Second, the UV-vis and FTIR spectroscopy of a VUV irradi-
ated triphenylene:water ice mixture is discussed, monitoring the ionization
Kofman, V., Witlox, M. J. A., Bouwman, J., ten Kate, I. L. and Linnartz, H. 2018 “A multifunc-
tional setup to record FTIR and UV-vis spectra of organic molecules and their photoproducts in
astronomical ices“ In: Rev. Sci. Instrum., 89, 053111
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efficiency of PAHs in interstellar ice environments. The final example inves-
tigates the stability of solid glycine upon VUV irradiation by monitoring the
formation of dissociation products in real-time.
2.1 Introduction
Ice is an important reservoir of the molecular inventory in the colder and denser
regions of the interstellar medium (ISM). When particle densities increase and
temperatures are sufficiently low, atoms and molecules accrete and/or react
on the surface of carbonaceous and silicate dust grains. This results in the
formation of tens of monolayers comprising of different ice species. Space-
based infrared observations with the ISO and Spitzer space telescopes have
identified some 12-14 different ice constituents (Gibb et al., 2004; Öberg et al.,
2011; Boogert et al., 2015), including H2O, CO, CO2, CH3OH, CH4, and NH3.
The assignment of the astronomical data was possible with the help of infrared
spectra recorded for pure and mixed ices under fully controlled laboratory
conditions, i.e., in full dependency of the ice temperature and mixing ratios.
Many more species are expected to be present in the solid phase. It is generally
accepted that chemical processes in the bulk and on the surface of interstellar
ices are essential in facilitating the formation of both rather simple species such
as H2O (Ioppolo et al., 2008; Miyauchi et al., 2008) and CH3OH (Fuchs et al.,
2009) and more complex species including small sugars and alcohol sugars,
like glycolaldehyde and glycerol (Ioppolo et al., 2011; van Dishoeck et al., 2013;
Bergin and Tafalla, 2007; Garrod et al., 2008; Herbst and van Dishoeck, 2009;
Fedoseev et al., 2017; Linnartz et al., 2015). Laboratory experiments, indeed,
confirmed that molecular complexity in an ice environment can be enhanced
through (radiation-induced) radical recombinations (Bernstein et al., 2002;
Öberg et al., 2009a), atom addition and abstraction reactions (Chuang et al.,
2016; Chuang et al., 2017; Linnartz et al., 2015) or upon thermally induced
processes during warm-up (Muñoz-Caro et al., 2002; Butscher et al., 2017;
Nuevo et al., 2010; de Marcellus et al., 2015a).
Alternatively, larger species such as polycyclic aromatic hydrocarbons
(PAHs), typically formed in the ejecta of dying stars, may also directly freeze
out onto icy grains. Their characteristic vibrational gas phase features are
observed as infrared emissions along many different lines of sight, but these
vanish in regions where these species are expected to freeze out. (Allaman-
dola et al., 1989; Tielens, 2013) It is therefore very likely that PAHs, like other
volatiles, will accrete onto cold dust grains, resulting in a solid state PAH
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reservoir in space. So far, unambiguous solid state identifications of these
larger species, both complex organic molecules and PAHs, is limited by lacking
solid-state spectra or because broad and overlapping features do not allow to
make unambiguous assignments. In fact, the limited number of solid state
identifications contrasts strongly with the more than 200 gas phase identifica-
tions of molecules in the ISM of which many are thought to have a solid state
origin.
Since the 1970s astrophysical ice mixtures have been studied in the labo-
ratory, mostly using Fourier Transform Infrared (FTIR) spectroscopy. Over
decades, a special focus has been on the impact of energetic (VUV) photons on
mixed ices originating from the interstellar radiation field and it was shown
that many organics can be found in the residues left over after irradiation, e.g.
(Hagen et al., 1979; Muñoz-Caro et al., 2002; Bernstein et al., 2002; Meinert
et al., 2016). To this day, infrared spectroscopy remains the go-to technique in
laboratory ice astrochemistry, recording vibrational modes of the solid com-
ponents. This enables one to assign typical absorption bands relatively easily,
but also comes with the problem that similar vibrational modes in different
molecules exhibit about the same spectroscopic behavior; peak positions are
not unique and solid state features are typically broad, which complicates
unambiguous identifications. Terminal and secondary functional groups are
likely to have unique spectral signatures, but larger species are difficult to
discern. This complicates the spectroscopic detection of molecules containing
more than three carbon atoms. Another issue is that astronomical ice matrices,
particularly water, strongly absorb in the IR. Therefore, in many laboratory IR
ice studies, mostly pure or rather high concentrations of specific precursors
have been used; this fails to represent realistic astronomical mixing ratios and
will influence the chemical processes taking place. Optical, i.e., electronic ice
spectroscopy offers a useful alternative.
Some 15 years ago the first systematic studies of UV-vis ice absorption
were reported (Gudipati and Allamandola, 2003; Gudipati and Allamandola,
2004; Gudipati, M. S. and Allamandola, 2006). These come with a number of
advantages over infrared studies. Water, the astronomically most abundant
ice constituent, is transparent in this wavelength range and this allows to use
much lower concentrations of embedded species, particularly as transition
strengths in the UV-vis can be orders of magnitudes stronger, further enabling
the study of very dilute (and astronomically more relevant) mixtures. Another
advantage of UV-vis spectroscopy is its higher time resolution: IR spectrome-
ters are typically slow compared to their optical counterparts, which makes
the monitoring of ongoing chemical processes in real-time difficult.
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So far, most reported UV-vis ice experiments have been focusing on PAHs
embedded in amorphous water environments, see e.g. (Gudipati and Allaman-
dola, 2003; Gudipati and Allamandola, 2004; Bouwman et al., 2010; Guennoun
et al., 2011; Lignell and Gudipati, 2015). Many PAHs and their cations have
large electronic oscillator strengths and absorb in the UV, visible or near IR,
which facilitates such experiments, even for dilute mixtures. Studies have been
reported previously of UV-vis spectra of PAHs and ionized PAHs embedded
in water and ammonia environments (Cuylle et al., 2012). It was found that
water ice decreases the ionization potential of the embedded PAHs, favoring
the formation of cations (Gudipati and Allamandola, 2004), and that ammonia
ice tends to enhance the formation of PAH anions (Cuylle et al., 2012). With
higher water temperatures (40 K vs. 10-20 K) the formation of hydrogenated
and hydroxygenated PAHs was seen at the expense formation of the cation
(Guennoun et al., 2011; Cook et al., 2015). It was also found that the concen-
tration of the solute influences the ionization efficiency (Cuylle et al., 2014a).
An unfortunate disadvantage of UV-vis ice studies is that the assignment of
electronic bands is harder to link to specific molecules than in the IR, and theo-
retical data are needed for assignments. Moreover, astronomical identifications
of optical transitions of ices in space are currently still lacking.
The use of either IR or UV-vis spectroscopy to study interstellar ices clearly
has its pros and cons. Combining both methods, therefore, offers an oppor-
tunity to benefit from the strengths of both methods and to link information
obtained in one wavelength domain to findings in the other. Here we describe
a new setup capable of recording both UV-vis and FTIR of VUV photopro-
cessed ice spectra in situ and quasi in real-time, monitoring ongoing dynamics
in the ice. We demonstrate the use of UV-vis spectroscopy to track reaction
products formed on a seconds time-scale, and infrared spectroscopy to study
the photostability of precursor species and photoinduced end-products. A
complementary quadrupole mass spectrometer offers a further tool to identify
(newly formed) ice constituents. Below we describe the experimental details
and procedures and illustrate the potential of this setup on three selected exam-
ples: i) the determination of the refractive index, n(λ), for amorphous solid
water (ASW) at 10K between 250 and 750 nm, ii) the VUV photochemistry
of triphenylene (C18H12) in ASW at 10 K and iii) the formation of HCN and
· CN from glycine upon VUV irradiation in an argon matrix at 10 K as a tool to
monitor the photostability of frozen amino acids.
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2.2 System Description
Figure 2.1 shows a 3D schematic drawing, illustrating the concept of the new
setup. The system comprises a central high vacuum chamber onto which the
cold head of a closed cycle helium refrigerator is mounted. Ices grown on
a UV-vis and IR transparent window mounted on the tip of the cold finger
can be irradiated with the VUV light from a microwave hydrogen discharge
lamp and ice constituents, deposited, consumed and formed are monitored
using a broadband UV-vis and FTIR spectrometer as well as a quadrupole
mass spectrometer that monitors ice constituents during thermal desorption.
2.2.1 Main Chamber
The central part of the setup consists of an ISO 160 6-way crosspiece, in which
four additional CF 35 connections have been welded between the ISO ports,
all directed towards the center of the cross piece. The vacuum chamber is
mounted onto an optical table (250x125 cm), that carries the two spectrometers
and all necessary optical components.
One of the ISO ports supports a turbomolecular pump (Leybold 350 iX
turbovac ISO 100, 290 l/sec for N2), backed up by a two-stage 8 m3/hr rotary
pump, realizing a base pressure of the order of 10−8 mbar. To prevent oil
from entering the system a high-temperature cracking trap is placed on top
of the prepump, which also reduces the load with potentially toxic species by
thermally cracking these.
On the top flange of the vacuum chamber the cold head of a closed cycle
helium cryostat is mounted (DE202NE, Advanced Research Systems, Inc.)
via a turnable feedthrough. At the tip of the cold finger, a BaF2 window is
mounted that is transparent from 140 nm to 16.7 µm. The sample temperature
is controlled through resistive heating using a LakeShore 330 temperature
controller. Temperatures between 10 and 325 K are accessible and measured
using a factory calibrated Al-Cr thermocouple with an absolute precision better
than 2 K.
Ices are grown onto the cold sample through direct deposition at a normal
angle, using a 1/4 inch Swagelok tube mounted 15 mm from the surface. A
precision dosing valve (Pfeiffer EVN 116), equipped with a digital display for
the setting, is used to control the flow of gas phase or liquid precursor species.
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FIGURE 2.1: 3D drawing of the interior of the vacuum sys-
tem. The characters indicate the following: A. UV-vis path; B.
Fourier Transform Infrared path; C. Quadrupole Mass Spec-
trometer; D. Vacuum ultraviolet light source; E. Cryostat with
BaF2 window; F. gas inlet and sublimation oven.
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A custom designed and built oven, fully mounted inside the vacuum chamber,
serves as a source to sublimate non-volatile molecules that can be co-deposited
simultaneously with the ice. The oven is temperature controlled, and has
a temperature precision better than 0.2 ◦C, which is needed to guarantee a
homogeneous deposition rate. The maximum temperature is roughly 150 ◦C,
which is more than sufficient to sublimate the amino acids and the small to
medium PAHs targeted here. A 1/4 inch Swagelok tube, closed off at one
end, is used as precursor reservoir. The reservoir slides into the oven and is
removable, thus eliminating the need to detach the entire oven system from
the vacuum chamber to add or replace the amino acids/PAHs. The orifice
of the oven is positioned roughly 15 mm from the sample surface. In this
configuration dilution ratios can be realized as low as PAH:H2O = 1:10,000.
A microwave hydrogen discharge lamp (MHDL) is used as a VUV light
source. These lamps have been used for decades to simulate interstellar radi-
ation fields (Warneck, 1962), peaking around Ly-α (121 nm) and 160 nm (H2
emission). In a series of recent papers MDHL characteristics and their depen-
dence on different settings have been discussed in detail (Muñoz-Caro and
Schutte, 2003; Chen et al., 2014; Ligterink et al., 2015; Es-sebbar et al., 2015). In
our setup, a 150 W, 2450 MHz Opthos microwave generator is used to run a
plasma at 0.5 mbar H2 (grade 5.0) gas. The effective power of the generator
is 100 Watt. The resulting VUV flux amounts to 1-2 × 1015 photons/cm2 s at
the sample surface, a value that is derived using oxygen/ozone actinometry
(Cottin et al., 2003; Fulvio et al., 2014). The MHDL is connected to the main
chamber via a MgF2 window (25 mm diameter and 4 mm thickness). A tube
is placed inside the chamber, which guides the light directly onto the sample.
Stable and clean H2 flows in the MDHL are guaranteed using a small rotary
pump that is equipped with an oil trap.
2.2.2 Spectrometers
The ice mixtures are studied using two different spectrometers, covering the
wavelength domain associated with electronic and vibrational ice mode transi-
tions.
UV-vis light (200-1100 nm) is generated using a deep UV xenon arc light source
(150W LOT- QuantumDesign). The white light beam is spatially filtered by two
subsequent pinholes, and transmitted through a MgF2 (25 mm diameter and 4
mm thickness) window onto the ice substrate (positioned at 45◦ with respect
to the UV-vis beam). Light then exits the vacuum chamber through another
MgF2 window and is focussed on the slit of an UV-vis spectrometer (Andor
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303i Shamrock), equipped with a CCD (Andor iDus DV420_OE) responsive to
photons between 200 and 1100 nm. The available resolution depends on the
used grating, where the spectral range coverage can be extended at the expense
of a lower resolution. The maximum resolution accessible is 0.05 nm, with a
spectral coverage of roughly 50 nm. In our ice experiments, a larger spectral
range is favored over resolution. For the example experiments described later,
spectra are recorded from 200 to 760 nm with a resolution of 0.56 nm. To guar-
antee that the absolute wavelength calibration is well within any uncertainties
for the used resolution, emission from the overhead fluorescence light, HeNe
light and emission from the xenon arc lamp are used to correct for grating
offsets.
During a regular experiment, UV-vis spectra are taken every 4.3 seconds,
and such an averaged spectrum is the result of 120 individual spectra. The sys-
tem allows for much higher time resolution, but for the experiments described
below this is not necessary. Data taken after deposition are plotted as difference
spectra with respect to the initially deposited sample.
Two CF 35 ports are used to transmit infrared light (2.5-16.7 µm / 4000-600
cm−1) through the ice. An optical system consisting of gold-coated plano and
concave mirrors are used to guide and focus the light from the external beam
port of a Biorad FTS 3000 spectrometer onto the sample. A 90◦ focusing mirror
collects the IR light on a liquid N2 cooled mercury-cadmium-tellurium (MCT)
detector. The typical resolution used amounts to 2 cm−1. Higher resolution is
possible, but this increases the measurement time per spectrum significantly
and is not required for the solid state experiments such as those reported here.
ZnSe windows are used as vacuum seals. The IR beam path is purged with dry
air and CO2 free air. A background spectrum is recorded before the deposition.
In this way, the IR spectra reflect the entire sample processing (unlike the
UV-vis spectra). Typically 200 measurements are averaged, resulting in a time
resolution of roughly 5 minutes.
The setup has been constructed in such a way that both spectrometers can
be used simultaneously (Figure 2.1). Two different orientations are used. In
position 1 the sample faces the deposition oven and is rotated 90 ◦ with respect
to the infrared beam path. This orientation is used for deposition and allows to
perform UV-vis spectroscopy and VUV photoprocessing at the same time, both
at an angle of incidence of 45◦. In position 2 (shown in Figure 2.1), the sample
faces the infrared beam, thus allowing transmission infrared spectroscopy at a
normal angle, as well as the UV-vis beam at a 45◦ angle of incidence (this time
passing the sample back to front). VUV processing is done at 45◦. Additional
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TABLE 2.1: Sample characteristics of the two tripheny-
lene:water experiments.
Column density [molecules cm−2]
Experiment d [nm] C18H12:H2O UV-vis 1497 cm−1 1437 cm−1 1253 cm−1
1 247 1:906 7.6 × 1014 1.5 × 1015 2.7 × 1015 2.0× 1015
2 858 1:3642 7.0 × 1014 1.5 × 1015 2.3 × 1015 2.1× 1015
deposition from the oven in this orientation is hindered, as the substrate faces
the side of the copper sample holder.
Besides the two spectrometers, the setup is equipped with a quadrupole
mass spectrometer (Pfeiffer Prisma Plus QMG 220) that is placed at one of
the remaining CF 35 ports. This complementary tool allows us to link UV-
vis and/or IR signals to species desorbing at specific temperatures, typically
through their characteristic fragmentation patterns upon 70 eV electron impact
ionization which are available from the NIST database (Stein, 2018). Mass
spectra covering up to 300 m/z are taken in bar graph mode, reporting the
entire range of m/z values at a resolution of 1 amu.
2.2.3 Preparation and characterization of the sample
Triphenylene:water samples are prepared by heating the oven to the subli-
mation temperature of triphenylene (65 ◦C) and two different ice thicknesses
are realized by dosing water for 50 minutes at pressures of 0.5× 10−8 mbar
and 1.7 × 10−8 mbar above the base pressure (see Table 1). Commercial
triphenylene powder (roughly 5 mg per fill, 98+ % purity) is used without
further purification. For the water matrix, ultra-pure milli-Q generated water
is degassed in several freeze-pump-thaw cycles before use.
Matrix isolation experiments on glycine in argon are performed. Glycine
is sublimated at an oven temperature set of 105 ◦C, and is deposited with
argon (99.999 % purity) at a sample temperature of 10 K. Prior to the sample
deposition the window is placed parallel with respect to the oven sample
position, preventing triphenylene or glycine to deposit onto the sample before
the desired temperature is established. Deposition is started by opening the
dosing valve and rotating the sample so that it faces the sublimation oven
and deposition line, i.e. we rotate the sample from position 2 to position 1.
During deposition, UV-vis spectra are continuously taken. After completing
the deposition, the sample is rotated and FTIR spectra are recorded. This
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allows us to study the ice growth during deposition with UV-vis, and after
rotation the VUV induced end products with both UV-vis and FTIR.
2.3 Results and Discussion
2.3.1 A new approach to measure ice thicknesses
The sample thickness is an important parameter, as it has to be known to
determine the concentration of the solutes under investigation. When ice
is photoprocessed by VUV light, the thickness also determines the photon
penetration depth. Ice thicknesses are generally determined by recording the
interference fringes that arise from a laser beam reflecting at the sample surface
and at the top of the ice layer. The path length difference between the two
light beams results in constructive and destructive interference signals, which
change with increasing ice thickness (Baratta and Palumbo, 1998; Dohnálek et
al., 2003; Bossa et al., 2014). The intensity of the reflected light is measured with
a photodiode. This results in a sinusoidal signal, where the period between
the maxima (m) is related to the thickness d according to equation 2.1.
d =
m× λ
2× nλ × cos θ
(2.1)
Here, λ is the wavelength, nλ the refractive index of the ice and θ the angle of
incidence (45◦ in our setup).
In our system, using UV-vis spectroscopy, an alternative approach is possi-
ble that in addition offers the possibility to derive the full wavelength depen-
dent refraction index of an (amorphous) ice. The applied principle is rather
similar, but instead of looking for interference fringes by one external laser,
fringes superimposed on the UV-vis transmission signal are used. This elimi-
nates the need for an additional laser and photodiode and instead, the same
broadband Xe arc-light and spectrometer can be used that are also needed for
the spectroscopic investigation. An example of interference fringes seen at
a number of selected wavelengths is shown in Figure 2.2. For the full inves-
tigation, fringes are recorded for hundreds of wavelengths at the same time.
Clearly, the fringing is more pronounced for shorter wavelengths, but visi-
ble over the full range. The figure also shows, that over a set time interval
for shorter wavelengths the number of fringes, m, is larger than for longer
wavelengths, in agreement with equation 2.1. This now allows, in principle,
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to derive ice thicknesses for any wavelength, but as the refractive index is
wavelength dependent, nλ needs to be known first. For crystalline ice, these
numbers are available from Warren and Brandt (2008) and show a variation
with wavelength that gets more pronounced towards the UV. It should be
noted these values are for relatively high ice temperatures (in the astronomi-
cal context) and only measured at low resolution. For amorphous water ice
only a very limited number of nλ values is known and for practical reasons
generally restricted to the HeNe wavelength, 632.8 nm. Dohnálek et al. (2003)
report a value of 1.285 for compact ASW with a density of 0.94 g/cm3 at this
wavelength. These values are not strongly temperature dependent but depend
mostly on porosity (Dohnálek et al., 2003; Bouilloud et al., 2015). Using this
refractive index and assuming a density of 0.94 g/cm3 for our ice, we calculate
thicknesses of 247 and 858 nm for the thin and thick ice experiments as listed
in Table 1. This now provides all information needed to derive nλ. In a Python
routine the number of fringes is determined for all recorded wavelengths, i.e.,
quasi-continuous and for many more than the selected points shown in Figure
2.2. Three separate experiments have been performed. The derived nλ curves
are colored gray in Figure 2.3. A fit through all data points, averaging the
values from the individual measurements, results in a curve that is indicated in
black and that clearly deviates from the values for crystalline ice, shown with
the blue curve in Figure 2.2 (Warren and Brandt, 2008). Typical deviations of
5-10 % exist when comparing the three experimental curves. This is acceptable,
given the fact that these data are fully lacking in the literature. The strength of
this method is that it is relatively easy to determine nλ for a large wavelength
domain - it takes less than a day to derive one curve - and that these numbers
can be determined with decent accuracy. As the method is generally applicable,
this approach can be easily used to derive wavelength dependent refractive
indexes for other ices, pure and mixed. In fact, the method also will work fine
for crystalline ices, which will allow a further fine-tuning. Work to use this
method to provide nλ graphs of astronomically relevant ices is currently in
preparation.
2.3.2 Triphenylene:water ice mixtures; column densities and VUV
photochemistry
In order to determine the concentration of a solute, two parameters are needed,
its abundance - which can be determined from the absorbance - and the ice
thickness, as derived above. In the UV-vis, the abundance or column density
can be quantified by integrating the area under an electronic transition (τel) and
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FIGURE 2.2: Interference signal superimposed on the UV-vis
signal as a function of time. A sinus multiplied with an expo-
nential decay is fit to the signal and overplotted. The legend
indicates the wavelength at which the signal is taken.





8.85× 10−13 × f (2.2)
In the experimental literature absorption is often reported as the extinction






For triphenylene, a value of εmax = 174,000 has been reported in (Malkin, 1992).







where the factor 2.303 converts the values from natural to base 10 logarithm,
and
∫ υ2
υ1 τvrdυ is the integrated infrared band strength of the transition and S is
the transition strength in cm−1 per molecule.
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FIGURE 2.3: Refractive indices, nλ as determined by the
method described above for amorphous solid water at 10 K,
shown in black. The new values are based on three experi-
ments shown in gray. The nλ values of crystalline water ice are
shown in blue (Warren and Brandt, 2008); the value reported
in Dohnálek et al. (2003), which is used as a calibration point,
is plotted as a red cross.
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FIGURE 2.4: UV-vis spectrum of triphenylene in water. S3 ← S0
is seen at 255 nm, S2 ← S0 at 285 and the inset shows the
weak S1 ← S0 transitions. All of the transitions display strong
vibronic components. This spectrum is taken from experiment
2.
Figure 2.4 shows the UV-vis spectrum of triphenylene in water as seen in
the thin and thick ice experiments. The spectra are similar in both cases, except
for a slight broadening of the features in the first case. For this reason, only
the thick ice case is shown. The spectral signatures of neutral triphenylene
are observed at 255 nm for S3 ← S0 and at 284 nm for S2 ← S0. A weak
series of transitions is found around 330 nm S1 ← S0, shown in more detail
in the inset. These assignments are made based on existing matrix isolation
studies (Kokkin et al., 2007; Kofman et al., 2017). The reproducibility with
which non-volatile species can be sublimated and deposited onto the substrate
is illustrated by showing the maximum triphenylene absorption signal around
255 nm as a function of time for the two ice thicknesses studied here. In the left
panel of Figure 2.5 these signals are shown as a function of time. Deposition
starts at 0 and is in both experiments continued for about 50 minutes. The
high reproducibility is clear from the nearly identical growth curves. After the
deposition, the sample is rotated, and a new reference spectrum is taken, which
resets the signal to 0. After a short interval, the VUV irradiation is started
which results in the consumption of precursor material. Upon VUV irradiation,
part of the neutral precursor is transferred into cationic triphenylene, the
spectrum of the cation is presented in Figure 2.6. This has been observed for
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other PAHs in the past (Gudipati and Allamandola, 2003; Gudipati, M. S. and
Allamandola, 2006) and is illustrated in the right part of Figure 2.5. Clear
triphenylene cation signals are found at 402 nm, and broader features at lower
wavelengths. Cation production works best for dilutions of the order of less
than 1:1000 (PAH:H2O) (Cuylle et al., 2014b). Here, the maximum ion column
density is seen after roughly 15 minutes of irradiation. The formation yield of
the cation is then roughly 30 %, taking a transition strength of the cation of
f = 0.11 (Keszthelyi et al., 2000). Maximum yield is realized during the first
few minutes of irradiation and is around 45 %.
FIGURE 2.5: (a) The time-dependent absorbance of the (S3 ←
S0) transition of triphenylene recorded at a wavelength of 255
nm for the ices of two thicknesses (blue 247 nm and green 858
nm). (b) Column densities for the experiment shown in (a)
including also the VUV induced ion signals. The cation column
densities are plotted on the right y-axis. Negative features cor-
respond with decreasing column density, and positive features
reflect cation formation.
For the thick ice, this process is less efficient than for the thin ice, which can
be understood as in the latter case the VUV light reaches a larger fraction of the
ice. In the right panel of Figure 2.5 the integrated absorbance is shown, both
for the precursor material (that largely follows the curves in the left panel), and
for the reaction product, the triphenylene cation. As the ionization efficiency
is higher at lower concentrations, the cation formation is more effective in
the thicker ice. Thus, although less neutral precursor material is consumed, a
larger column density of cations are produced in the thicker ice with the lower
triphenylene concentration.
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FIGURE 2.6: UV-vis spectra of VUV irradiated triphenylene
water mixture. Upon VUV irradiation neutral C18H12 is
destroyed, resulting in negative absorbance. Positive features
are absorptions related to the cation. The strongest of these is
seen at 402 nm, having several broad features towards shorter
wavelengths.
Infrared spectra of triphenylene in water ice are shown in Figure 2.7. The
spectra are from the experiment where the concentration of triphenylene in
water is roughly 1:900 (experiment 1). The spectrum illustrates that water
signals largely dominate the spectrum, but the zoom-in shows that sufficient
sensitivity is realized to also record the PAH bands. The theoretical band
positions and band strengths are plotted as well, and this illustrates that the
position and relative intensities reproduce well (Langhoff, 1996; Boersma et al.,
2014; Bauschlicher et al., 2018). The following bands are visible in the diluted
water matrix: 1437 cm−1 most likely corresponding to two modes at 1440 cm−1
having a combined band strength of 7.8 × 10−18 cm−1 per molecule; similarly
two transitions at 1253 cm−1 (1.1 × 10−18 cm−1 per molecule) and two at 1497
cm−1 (4.2 × 10−18cm−1 per molecule).
Using the available literature values for triphenylene, we derive for the
two experiments listed in Table 1, column densities of 7.6 and 7.0 × 1014
molecules cm−2 by integrating the UV-vis transition between 222 and 268
nm. The equivalent exercise in the IR (at 1500, 1440 and 1253 cm−2) results
in column densities that are approximately two to three times larger. It is
very likely that this mismatch is due to an underestimate of the used band
strengths as calculated by DFT methods. This is in line with conclusions by
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FIGURE 2.7: Infrared spectrum of neutral triphenylene in water.
Blue bars are the transitions of neutral triphenylene as pre-
dicted by Langhoff (1996), corresponding to the y-axis on the
right side. The inset shows a part of the fingerprint region.
Hardegree-Ullman et al. (2014) who find theoretical pyrene band strengths
50 % larger than experimentally derived by Bouwman et al. (2011).
Whereas the neutral precursor signals, though weak, are clearly visible,
no IR features can be assigned to modes of the triphenylene cation. Based on
the computed band strengths, we can estimate whether we should be able
to. Assuming a maximum column density of roughly 6 × 1013 molecules
cm−2, cation signals should be visible when the band strengths from Langhoff
(1996) are taken, but as discussed before such band strengths may have been
overestimated. Clearly here UV-vis spectroscopy offers a powerful alternative.
2.3.3 Photochemistry of glycine
The recent detection of glycine, the smallest amino acid, on comet 67P (Altwegg
et al., 2016) has further strengthened the idea that complex organic molecules
are formed in outer space on solid surfaces. Clearly, the formed glycine has
been able to withstand the intense radiation in space. Understanding the
photochemistry of this amino acid under VUV radiation is key in explaining
its presence on comets and possibly other celestial objects. An experimental
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FIGURE 2.8: Production of HCN as a function of time (i.e.
fluence). VUV irradiation is indicated with the dashed vertical
magenta lines (t = 0 min and t = 180 min); the black dashed
lines indicate the start of the ice heating (t = 210 min).
(a) Column density of HCN derived from the transitions at
2091 cm−2. The reported band strength is 5.1× 10−18 cm−1 per
molecule. (Bernstein et al., 1997) (b) Column density of · CN,
derived from the transition at 380 nm. Note the integrated
column density is much smaller than shown in (a). (c) m/z =
27 (HCN) signal measured with the QMS, which is the main
signal seen upon electron impact of HCN.
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way of investigating the photostability of this amino acid, or other biologically
relevant species, is by monitoring the time-dependent formation of fragments
resulting from the photoinduced dissociation. We have studied this by VUV
irradiation of glycine embedded in an argon matrix. Although not present in
space, argon ice provides a chemically inert environment to study this process
without the need to take into account other reactions due to a water matrix.
Argon also provides a suitable host to trap produced radical species. Indeed
upon VUV irradiation, and consistent with what has been reported in the liter-
ature (e.g. Ehrenfreund et al. (2001)) HCN is formed from the fragmentation
of frozen glycine. This can be understood by looking at the photodegradation
mechanism:
NH2CH2COOH
hv CH3NH2 + CO2
CH3NH2
hv 2 H2 + HCN
In Figure 2.8(a) the integrated infrared absorbance of HCN is shown, which
absorbs at 2091 cm−1. The assumed band strength is 5.1 × 10−18 cm−1 (Bern-
stein et al., 1997). Also shown in this figure are start and end times of the VUV
processing, indicated by the magenta vertical lines. HCN is produced relatively
slowly (the half-life time of glycine is in the order of a few minutes under these
conditions), which is in agreement with the hypothesis that it is formed as a
secondary product from the photodegradation of the formed methylamine. In
addition to the infrared detection of HCN, we see the formation of the · CN
radical in the UV-vis, which absorbs between 376 and 384 nm. Figure 2.8(b)
shows the integrated band of · CN in the UV-vis ( f = 0.00320 (Danylewych
and Nicholls, 1978)). · CN is formed at the start of the VUV processing. A
maximum column density of roughly 2× 1013 molecules per cm2 is found after
around 40 minutes, and subsequently, it is destroyed. In the period between
the end of the irradiation and start of the heat-up, · CN is stable.
The third panel (c) shows the results from parallel QMS experiments moni-
toring m/z = 27, the dominant HCN m/z signal upon electron impact ionization.
A heating ramp is started roughly 30 minutes after the end of the VUV process-
ing. The temperature of the sample is also indicated in Figure 2.8 (c), placed
on the secondary y-axis (right side). The black line reports the temperature. A
maximum of m/z = 27 is seen coinciding with the disappearance of the respec-
tive species in (a) and (b). Panel (c) also shows the temperature axis of the
TPD.
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As the measurements are performed simultaneously, the abundances of the
products can be directly linked. The formation of · CN from glycine has not
been reported in the literature. From the formation kinetics, it appears to be
formed earlier in the photodegradation than HCN, enabling the possibility that
HCN is formed from the hydrogenation of · CN. This would imply that the
photochemical degradation of glycine results in different products depending
on the environment, as the · CN radical is highly reactive and could form
different end products. An extensive study, also looking at Gly in water, is in
preparation.
2.4 Astrophysical potential
Observations with the ISO and Spitzer Space Telescopes have shown that icy
dust grains comprise of different chemical components, layered and intimately
mixed, amorphous and crystalline, porous and compact. So far, some twelve
different ice constituents have been identified in the interstellar medium. With
the upcoming launch of the James Webb Space Telescope, a new visible-infrared
observatory (2019), it will become possible to investigate interstellar ices at
spectral and spatial resolutions and sensitivities, orders of magnitude better
than possible before. This will offer a view on the ’Icy Universe’ in unprece-
dented detail, also along lines of sight hard to observe up to now, e.g., towards
the distant, crowded Galactic Center and the Magellanic Clouds. As icy dust
grains are the formation place of complex organic molecules (COMs), which
have been identified with the Atacama Large Millimeter Array in the gas
phase, this also offers a tool to bridge the grain-gas-gap. Moreover, with the
completion of the Extremely Large Telescope in the UV-NIR in 2024, also the
recording of optical ice spectra towards embedded objects will become possible.
The full scientific impact of these observations, however, only will be realized
when astronomical observations and astrochemical models can make use of
precise laboratory ice data, ranging from spectroscopic data to wavelength-
dependent refractive indices and recorded for known compositions, mixing
ratios, temperature, porosity levels, and other parameters.
The setup described here offers this opportunity. It is expected that the
number of solid-state identifications will quickly increase. This information
and combined with gas phase detections of larger species in space will allow
us to learn more about the solid-state processes at play. Also here the present
setup can contribute, by visualizing the chemical processes taking place.
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In this chapter, the potential to study the behavior of PAHs and glycine
upon VUV irradiation in cryogenic matrices has been illustrated. In the recent
past, much focus has been put onto so-called ’GRAND PAHs’, large polycyclic
aromatic hydrocarbons with typically more than 40-50 C-atoms. Their presence
in space has been explicitly linked to the observation of the aromatic infrared
bands (Allamandola et al., 1989), and several studies on their photofragmen-
tation behavior have been recently reported. Compact and strongly bound
smaller PAHs may be relevant as well; triphenylene (C18H12) belongs to this
category as it is fully benzenoid. Other COMs are observed in the gas phase
as well, and as only solid-state pathways offer the efficiencies to explain their
formation, it is clear that experiments are needed to characterize both their
spectroscopic and dynamical features, like for the glycine discussed here.
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The optical properties of water
ice in the UV-vis
Abstract
Amorphous solid water (ASW) is found on icy dust grains in the interstellar
medium (ISM), as well as on comets and other icy objects in the outer solar
system. The optical properties of ASW are thus relevant for many astrophysical
environments, but in the ultraviolet-visible (UV-vis), its refractive index is not
well constrained. Here we introduce a new method based on UV-vis broadband
interferometry to measure the wavelength dependent refractive index n(λ)
of amorphous water ice from 10 to 130 K, i.e. for different porosities, in the
wavelength range of 210 – 757 nm. We also present n(λ) for crystalline water
ice at 150 K, which us allows to compare our new method with literature
data. Based on this, a method to calculate n(λ, ρ) as a function of wavelength
and porosity is reported. This new approach carries much potential and is
generally applicable to pure and mixed ice, both amorphous and crystalline.
The astronomical and physical-chemical relevance and future potential of this
work are discussed.
3.1 Introduction
Water ice is ubiquitous both in the solar system and in the interstellar medium.
Unless it has been heated above temperatures of roughly 130 K, it resides in
the form of amorphous solid water (ASW). In our solar system water ice has
Kofman, V., He, J., ten Kate, I. L. and Linnartz, H. 2018 “The refractive index of amorphous
and crystalline water ice in the UV-vis“ in: Astrophys. J. 875, 131
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been detected on Kuiper belt objects (Baragiola, 2003; Stern et al., 2015; Raponi
et al., 2018), comets (Mumma and Charnley, 2011; Raponi et al., 2016), and
icy moons such as Europa, Ganymede, and Enceladus (Calvin et al., 1995;
Porco et al., 2006; Dalton et al., 2010) as well as in Saturn’s rings. The study of
water ice on the outer solar system objects is particularly interesting because
it provides an understanding of the chemical history of our solar system and
holds the potential to explain the origin of water on Earth. Beyond the solar
system, observations in the infrared have shown that ice is residing on cold
dust particles throughout the interstellar medium (van Dishoeck et al. (2013)
and Boogert et al. (2015) and refs. therein). The Infrared Space Observatory
(ISO) (Gibb et al., 2004), Spitzer telescope, as well as several ground-based
observatories revealed that these ices comprise predominantly H2O but also
contain other species including CO2, CO, CH4, NH3 and CH3OH (Boogert et al.,
2008; Öberg et al., 2011). These ice-covered dust grains provide a surface area
for solid-state reactions that result in the formation of larger complex organic
molecules (Linnartz et al. (2015) and Ligterink et al. (2018) and refs. therein).
Many of these are building blocks of matter considered to be important for the
origin of life (Ehrenfreund et al., 2002; Herbst and van Dishoeck, 2009). Water,
as the most abundant component of the ice, largely determines the chemical
and physical properties of the ice mantle.
Most of our information of ice beyond the Earth comes from spectroscopic
studies of light interacting with the ice. In the solar system, the surface of
the icy objects is studied by analyzing reflected sunlight (Calvin et al., 1995;
Baragiola, 2003; Stern et al., 2015). In the interstellar medium, water ice is
mostly observed by infrared absorption features in the light from reddened
stars. To interpret and quantify the constituents in the observational spectra of
water ices, the optical constants of water ice (ASW or crystalline) are required.
One also needs these same numbers to calculate the absorption, transmission,
reflection or scattering of light in ice or ice containing clouds in planetary
atmospheres. The refractive index of water ice is also used in radiative transfer
models of molecular clouds (Pollack et al., 1994), accretion/circumstellar disks
(Tilling et al., 2012) and recently to constrain the abundance and grain size
of water ice on comet 67P/Churumov-Gerasimenko (Raponi et al., 2016). In
these models, the optical constants of water were taken from Warren (1984),
who reported the values for fully dense crystalline water in the UV-vis range.
However, the water ice in molecular clouds, accretion/circumstellar disks,
and on the surface of many outer solar system icy objects is predominantly
amorphous and likely porous. Using the values for (fully dense) crystalline ice,
therefore, is likely to result in less accurate predictions.
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The optical properties of pure water ice are described by its refractive
index, a complex function consisting of two parameters. The imaginary index,
k, describes the attenuation or absorption of the medium and the real refractive
index, n, is the ratio of the velocity of light in the medium with respect to the
vacuum speed of light. Both k and n are wavelength dependent. In the UV-vis
range, wavelength dependent values of n are only reported for crystalline,
and thus fully dense, water ice (Warren, 1984; Warren and Brandt, 2008), for
liquid water, and for steam (Schiebener et al., 1990; Harvey et al., 1998). To
the best of our knowledge, no prior laboratory measurements exist of the
wavelength-dependent refractive index values for ASW in the UV-vis range.
ASW is a meta-stable form of water with no long-range ordering. Most ice
under Earth’s atmospheric conditions is (hexagonal) crystalline, but in astro-
nomical environments ASW is most often found (Smith et al., 1989; Boogert
et al., 2015), although crystalline ice, thought to be a product of thermal pro-
cessing of ASW, has been detected as well (Terada and Tokunaga, 2012). ASW
is formed when water is deposited or chemically formed at temperatures below
130 K (Brown et al., 1996; Dohnálek et al., 2003; Baragiola, 2003; Ioppolo et al.,
2008; Dulieu et al., 2010; Cuppen et al., 2010; Jing et al., 2011) or when liq-
uid water is rapidly cooled. Amorphous ice can crystallize in an exothermic
(energy releasing) and irreversible process (Bossa et al., 2012). Crystallization
has a significant barrier and the rate follows a Boltzmann like dependence
on temperature, resulting in very low rates at lower temperatures (see e.g.
Jenniskens and Blake (1996) and Maté et al. (2012)). The structural organiza-
tion of water ice can be clearly distinguished when its absorption spectrum is
studied in the infrared between 3500 and 3000 cm−1 (2.85 and 3.3 µm). The
absorption of ASW shows one broad peak in this range, crystalline ice appears
as a combination of three bands (e.g. Hudgins et al. (1993)).
The density of crystalline ice is 0.94 g cm−3 but in ASW the density is
variable. Laboratory studies revealed that vapor-deposited ASW at sample
temperatures below∼130 K is porous with a large specific surface area (Westley
et al., 1998; Dohnálek et al., 2003; Clements et al., 2018). The porosity level
depends on the growth conditions of the ice, such as the temperature, and
in the laboratory deposition angle and deposition rate. A lower deposition
temperature, higher deposition angle, and higher deposition rate favor a higher
degree of porosity (Dohnálek et al., 2003; Maté et al., 2012). Infrared spectra
of porous ASW formed in the laboratory show two weak absorption bands at
3696 cm−1 and 3720 cm−1 caused by unbound or dangling OH (dOH) bonds.
The band strength of the dOH absorption features is positively related to the
porosity. Spectroscopic searches for dOH band features in dense clouds did
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not result in unambiguous identifications (Keane et al., 2001), which has led to
the interpretation that ice processing in space ultimately results in compaction
(Palumbo, 2006; Raut et al., 2007; Accolla et al., 2011; Clements et al., 2018).
However, a lack of dOH does not necessarily rule out the presence of partially
porous ASW, as Bossa et al. (2015b) demonstrated that dOH bonds are not
detectable for such ices. The porosities of water ice on ISM dust grains and on
many solar system objects are still being debated.
In the next section, we give an overview of the state-of-the-art of the work
focusing on the refractive index of water ice in the UV-vis range. We then
explain our new experimental approach and subsequently show the data
processing procedures. In the last section, we present the new values for the
refractive index of ASW from 210 – 757 nm and for temperatures from 10 to
130 K. Also a measurement for crystalline ice at 150 K is presented. These
measurements are combined to derive a function that describes n(λ, ρ) as a
function of the wavelength and porosity, using the specific refraction. Finally,
we discuss the future potential of the new method introduced here.
3.2 Materials and Methods
3.2.1 Refractive index of water ice
The refractive index n can be measured during the deposition of water vapor
on a reflective or transparent surface. For volatile species, this is usually done
on the tip of a liquid nitrogen or closed cycle helium cryostat placed inside
a vacuum chamber (e.g. Goodman (1978), Brown et al. (1996), and Dohnálek
et al. (2003)).
As the thickness increases during the ice growth, periodical fluctuations in
the intensity of the transmitted or reflected light appear. These fringes occur
due to constructive and destructive interference arising from a difference in
the path length of light reflecting internally in the ice and light transmitting
directly. The refractive index of the sample is related to the period of the fringes





where m is the total number of fringes observed at wavelength λ (in nm), n(λ)
is the wavelength-dependent refractive index, and θ is the angle of incidence
with respect to the surface. Interference is commonly measured in reflection
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(e.g. Baratta and Palumbo (1998) and Fulvio et al. (2009)) but can also be
observed in transmission. Interference measurements are typically performed
using a monochromatic light source, such as a helium-neon laser. The strength
of our new approach is that we simultaneously record the interference for all
wavelengths covered by a broadband light source. The details are given in
section 3.2.2.
Warren (1984) and Warren and Brandt (2008) reported n(λ) of crystalline
water ice between 200 and 400 nm at a resolution of 50 nm, and between 400
and 800 nm at a resolution of 10 nm. In these cases, discrete wavelengths
are measured in separate experiments, putting practical limits on the full
wavelength coverage and resolution and ultimately limiting the precision
of n to how well the experiments are reproduced. In the case of ASW, n is
predominantly measured using helium-neon lasers and therefore reported at a
wavelength of 632.8 nm (Brown et al., 1996; Westley et al., 1998; Dohnálek et al.,
2003; Romanescu et al., 2010). Bouilloud et al. (2015) provided an overview
of known values of the refractive index for a number of other astrophysically
relevant ices, including H2O, CO2, CO, CH4, and NH3.
The refractive index depends on the density (porosity) of the solid. Vacuum
deposition of crystalline ice results in a constant density, but for ASW the
porosity increases at lower deposition temperatures, see e.g. Brown et al.
(1996), Westley et al. (1998), and Dohnálek et al. (2003). The porosity and the







here R(λ) is the specific refraction (in units of cm3 g−1) and ρ is the density of
the ice. We adopt R(632.8) = 0.2072 cm3 g−1 (Brown et al., 1996) at a density
of 0.93 g cm−3 and assume that R is constant at a given wavelength, regardless
of the morphology of the ice1. We will verify the latter assumption. In order
to determine the refractive index of porous ASW, one needs to determine or
assume the level of porosity. For this study, we rely on the ASW densities
reported as a function of the deposition temperature by Dohnálek et al. (2003),
and using Eq. 3.2 together with the adopted R-value this yields the refractive
index.
10.93 g cm−3 is slightly off the density of crystalline ice (0.94 g cm−3), but as 0.93 g cm−3 is
reported with the R-value, for the calculations of the refractive index this value is used.
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3.2.2 Experimental setup
The experiments were done using a recently constructed setup, described in
detail in Kofman et al. (2018). We will briefly describe the experimental fea-
tures that are relevant to this study. The setup is a high vacuum system with
a base pressure in the order of 5× 10−8 mbar. Residual gas in the chamber is
dominated by water. At the center of the chamber, a BaF2 sample window is
mounted onto the cold-finger of a closed cycle helium cryostat. The temper-
ature of the sample is measured using a chromel-Au/Fe thermocouple and
controlled with resistive heating. Temperatures between 10 and 320 K are
accessible with an absolute accuracy better than 2 K. For these experiments
water ice is grown using background deposition, the same method as used
by Dohnálek et al. (2003). We use a precision dosing valve, which results in a
constant deposition rate with less than 3 % variation in the pressure over the
entire deposition time, and also allows reproducible water partial pressures
inside the chamber between different experiments, ensuring that the conditions
of separate experiments are comparable.
During water deposition, the chamber pressure is 2.6× 10−6 mbar, corre-
sponding to a deposition rate of about 0.3 nm/s or roughly 1 mono-layer per
second. Experiments were performed with sample temperatures of 10, 30,
50, 70, 90, 110, 130 and 150 K. Only in the latter case does this results in the
formation of crystalline ice, all other experiments concern ASW.
UV-vis spectra are continuously recorded during the deposition. For the
work performed here, the spatially filtered light of a broadband Xe-arc lamp,
emitting in the range of 180–1100 nm, is guided through the sample that is
positioned perpendicular to the light beam. Light is dispersed by an Andor
303i Shamrock spectrometer equipped with a 10 µm slit and collected on a
thermo-electrically cooled CCD (Andor iDus DV420 OE). We record data from
210 to 757 nm at a spectral resolution of 0.56 nm, and at a time resolution
of 4.3 seconds. The broadband spectroscopy applied allows us to measure
interference fringes over the full wavelength range during the deposition.
From the interference fringes, n can be determined as a function of λ in one
experiment, something not possible when only a monochromatic light source
is used.
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3.3 Results and Analysis
We demonstrate the data processing procedures on UV-vis signals recorded
during the deposition of ASW at 90 K and 10 K in detail. The other experiments
are analyzed following the same procedure. The analysis is performed in three
steps. First, we determine the refractive index at each wavelength separately.
Subsequently, these values are used as starting points to fit a continuous
function for n(λ). The datasets are finally combined to derive one equation for
the refractive index, n(λ, ρ), as a function of wavelength and porosity using
the Lorentz-Lorenz equation.
3.3.1 Fitting the period of the interference
The use of background deposition causes ices to grow on both the front and
back side of the window. In the ideal case, the ratio of the deposition rates on
each side of the sample would be unity (i.e. φ1φ2 = 1, with φi the deposition
rate at the respective side). In practice, this ratio varies between 0.91 and
0.96 in the experiments performed in this study. Measuring the interference
pattern monitors the cumulative effect of similar but not fully identical growth
processes on both sides of the window. As will be shown below, the effect of
asymmetric deposition can be corrected by taking into account the empirically
determined φ1φ2 -value. As the light propagates through the growing ice on both
sides of the deposition window, the absolute light intensity I at wavelength λ
fluctuates as a function of the time t. When the deposition rates at both sides
are equal the signals can be described by a single periodic function:




P(λ) is the wavelength dependent period and A is the magnitude of the
oscillation. Several studies focus on the absolute values of A, and we refer
the reader to these reports for a full description of the amplitude of the signal
(Goodman, 1978; Dohnálek et al., 2003; Romanescu et al., 2010). Note that as in
our experiments the light progresses at a normal incidence, the cos θ term in
Eq. 3.1 equals unity and is left out.
In the case of asymmetric deposition, two cosine terms, one for each side of
the window with a corresponding period P(λ) and amplitude A, are required
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to reproduce the observed interference pattern.
I = A1 cos(
2π
P1(λ)




Note that we cannot discriminate which part of this equation describes which
side of the window. In order to determine the period from the experimental
signals, we take A1 = A2 = 12 A; i.e. both sides of the window contribute equally
to the amplitude of the signal. This allows us to fit a single value of A, which
significantly reduces the complexity of the fitting routine. Similarly, the period
is fit with a single value for both signals in the first iteration. Subsequently,
we introduce the φ1φ2 factor in the second cosine, substituting P2(λ) with
φ1
φ2
P1(λ). This comes from the fact that the period P(λ) is directly related to the
deposition rate φ (see Eq. 3.6). The φ1φ2 factors are constrained manually for each
experiment and are included in the final fits that start from the best-fit solution
of the first iteration. Table 3.1 shows the values of φ1φ2 used for the fits of all the
experimental temperatures. As the occurrence of the interference minima (see




on this we estimate the error on the value for φ1φ2 in the order of 1 %.
The experiments at 90 K and 10 K represent two different cases of asym-
metric deposition, with φ1φ2 = 0.96 and 0.94, respectively. Fig. 3.1 shows the
interference signal measured during the deposition at a few selected wave-
lengths throughout the recorded range. The seven wavelengths are picked at
intervals of 80 nm across the entire measured range. The left panel shows the
deposition at 90 K, and the right panel at 10 K. The resulting fits using Eq. 3.4
are also shown. The effect of the asymmetric deposition rates is seen in the
decrease in the amplitude of the interference signal after roughly ten periods
in the left panel and after six periods in the right panel. Note that this lapse in
intensity is persistently seen after the same number of periods at the different
wavelengths. Currently, we do not have a full explanation for the difference in
the deposition rates at the two sides of the sample, but we intend to make this
the subject of an upcoming study. Finally, note that the signal becomes noisier
at wavelengths above 400 nm, an effect of small intensity fluctuations in the
spectral energy distribution of the xenon light source.
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FIGURE 3.1: The measured light intensity at selected wave-
lengths during the growth of water ice at 90 K (left) and 10 K
(right). The fits of Eq. 3.4 are shown using black dashed lines.
Signals are offset for clarity.
3.3.2 Deriving the refractive index using the experimentally deter-
mined P(λ)
In order to calculate the refractive index from the period we substitute d =
φmP(λ) in Eq. 3.1. This comes from the fact that the thickness of the ice is










We use this equation to express ne(λ), with the subscript e indicating that these









We determine n(632.8) from the Lorentz-Lorenz equation (Eq. 3.2), we use
the specific refraction R = 0.2072 cm3 g−1 and the density ρ of background
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deposited ice from Dohnálek et al. (2003), using their Fig. 8 and fitting a linear
function for the densities derived between 22 and 140 K. We follow Dohnálek
et al. (2003) in their assumption that the level of porosity depends linearly
on the deposition temperature (for the range studied). The densities and the
resulting refractive indices are shown in Table 3.1.
Using Eq. 3.6 and the periods from the fits of the UV-vis signal recorded
during the ice deposition, the values of ne(λ) are obtained. The left panel of
Fig. 3.2 shows ne(λ) obtained from the signal recorded during the deposition
of ASW at 90 K. The figure shows that ne(λ) increases at shorter wavelengths.
Between 400 and 760 nm the refractive index exhibits oscillations in the order
of 1 % of the n-value, likely due to the lower signal to noise ratio at these
wavelengths. We can reproduce the fringes and the overall interference pattern
seen in the experimental signals when we substitute the period in Eq. 3.4, and
calculate the amplitude I on a wavelength-time grid, simulating the UV-vis
interference pattern. This gives a qualitative impression of the performance
of the fitting routines. In the middle panel of Fig. 3.2 we show the simulated
interference pattern; with the right panel showing the recorded UV-vis inter-
ference pattern. We see that the fitting routine reproduces the experimental
signals well. Fig. 3.3 shows the same panels for the experiment at 10 K. At 10
K, the destructive interference clearly results in a low-amplitude band after
six periods, starting at roughly 2000 seconds at 200 nm, and falling outside of
the experimental time range at wavelengths longer than 600 nm. This same
pattern can be seen in Fig. 3.1. The experimental signal also shows vertical
bands, indicating fluctuations in the total lamp flux, that already were noticed
at longer wavelengths in Fig. 3.1.
3.3.3 Fitting of the refractive index using the Sellmeier equation
In the previous section, the refractive index derived from the experimental
interference patterns showed relatively small and non-physical oscillations
above 400 nm. By using a continuous function for n(λ) we can eliminate
these artifacts. The wavelength dependency of the refractive index can be
approximated by using the Sellmeier dispersion equation (Sellmeier, 1871):







where each term in the summation represents an absorption resonance of
strength B at wavelength
√
C, nS(λ) is labeled with the subscript S to indicate










































FIGURE 3.2: Left: The wavelength-dependent refractive index
from fitting the entire interference pattern using Eq. 3.4. Mid-
dle: Simulated 2D interference pattern based on P(λ) and
Eq. 3.4. Right: Experimental data showing the UV-vis signal









































FIGURE 3.3: Left: The wavelength-dependent refractive index
from fitting the entire interference pattern using Eq. 3.4. Mid-
dle: Simulated 2D interference pattern based on P(λ) and
Eq. 3.4. Right: Experimental data showing the UV-vis signal
recorded during the deposition of ASW at 10 K.
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TABLE 3.1: The density of background-deposited ASW
reported by Dohnálek et al. (2003), the total thickness d, φ1φ2 ,
σf it, which is the standard error on the refractive index from
the fit of Eq. 3.7 and best fit values for B1 and B2 from section
3.3.3.
Temperature [K] ρ d [nm] φ1φ2 n(632.8) ± σf it B1 B2
10 0.585 ± 0.01 1703.6 ± 6.0 0.940 ± 0.01 1.190 ± 0.004 0.309 0.098
30 0.636 ± 0.01 1659.3 ± 9.7 0.940 ± 0.01 1.208 ± 0.007 0.374 0.099
50 0.688 ± 0.01 1559.8 ± 4.3 0.940 ± 0.01 1.226 ± 0.003 0.331 0.164
70 0.740 ± 0.01 1481.7 ± 2.2 0.940 ± 0.01 1.244 ± 0.002 0.377 0.164
90 0.791 ± 0.01 1436.1 ± 5.9 0.950 ± 0.01 1.262 ± 0.003 0.280 0.291
110 0.843 ± 0.01 1343.2 ± 3.2 0.960 ± 0.01 1.280 ± 0.003 0.400 0.220
130 0.895 ± 0.01 1317.6 ± 2.2 0.960 ± 0.01 1.299 ± 0.002 0.417 0.258
150 0.925 ± 0.01 1177.6 ± 5.7 0.917 ± 0.01 1.310 ± 0.006 0.496 0.190
these values are derived using the Sellmeier equation. We use two sets of





C2), the vacuum UV absorption maxima of ASW (Cruz-
Diaz et al., 2014). This relates back to the fact that the real and imaginary
refractive indices are connected. We assume that the electronic absorption
maxima do not change significantly when changing from amorphous to crys-
talline water ice, an assumption we later verify. B1 and B2 are fit using a least
squares approach with a linear cost function. The best-fit values for B1 and B2
are reported in Table 3.1. Note that although we adopted the refractive index
at 632.8 nm to calculate ne(λ), we do not force the Sellmeier fit through this
value.
A conservative estimate of the relative error of the resulting function for
nS(λ) can be obtained by calculating the difference between the experimental
fit of the period and the Sellmeier fit. The difference between nS(λ) and the
experimental ne(λ) provides a measure for the uncertainty at this wavelength.
The error, σλ, is calculated by taking the root mean square error of the two
values of n at wavelength λ. The average is shown as σf it in Table 3.1.
In Fig. 3.3 we show the refractive index from the period (from section 3.3.1),
together with the fit of Eq. 3.7 for all the temperatures, including the 10 and 90
K measurements already shown in Figs. 3.2 and 3.3. The experimental UV-vis
patterns are shown as well. The graphs are shown in pairs of two, where the
left panel shows ne(λ) and nS(λ) and the right panel shows the experimental
signal. Clearly, the fit based on Eq. 3.7 removes the oscillations still visible
when using Eq. 3.4.































































































































figure continues on the next page
































































































































FIGURE 3.3: The different experiments are presented in pairs of two plots. The
left plots show the refractive index of the different experiments as determined
by the fitting of the periodic signals (ne(λ), in blue) plot together with the fit
to the Sellmeier equation (nS(λ), in orange). The deposition temperatures are
indicated in the headers. The right plots show the experimental data recorded
at the corresponding temperature.
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3.3.4 Using the Lorentz-Lorenz equation to derive a general func-
tion for the refractive index
Although the Sellmeier fits in Fig. 3.3 are generally well constrained, we see
disagreements between the experimentally determined values for ne(λ) and
nS(λ) in some wavelength domains, particularly in the cases of the 30 and 150
K experiments above 600 nm. Here, the interference patterns are relatively
noisy, and as a result, the standard error σf it on the fits is larger for these two
experiments. The uncertainty in the resulting nS(λ) values can be further
decreased by using the Lorentz-Lorenz equation and producing RT(λ) for
each temperature, where the subscript t indicates the deposition temperature,
and using the average of the eight measurements to provide one set of values
for Ra(λ). This, in turn, allows us to derive a general function for n(λ, ρ)
as a function of wavelength and porosity, which has the advantage that we
can calculate the refractive index for any ice porosity. Note that for this we
assume R632.8 = 0.2072 cm3 g−1 and Ra to be independent of temperature
and that the electronic absorption features of ASW and crystalline ice are
not significantly different. The respective curves of RT(λ) in Fig. 3.4 for the
amorphous and crystalline experiment indicate that this assumption is valid
within the uncertainty of the experiments: the largest outlier in this figure
is the R90(λ) curve, and the R150(λ) curve for the 150 K experiment agrees
closely with those from the other experiments. This indicates that the porosity
is the governing factor in the refractive index and that the ordering of the water
molecules in the solid phase (i.e. ASW or crystalline ice) is less important. Note
that the use of the specific refraction to determine the refractive index of ASW
is widely used in the literature (e.g. Brown et al. (1996) and Dohnálek et al.
(2003), and implicitly in the subsequent work adopting the refractive index
from these studies). Here we provide the proof that this approach is indeed
valid.
A continuous function for n(λ, ρ), i.e. explicitly using the density ρ and




1− R(λ)ρ , (3.8)
where we assume that RSM(λ) can be described empirically by a modified
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FIGURE 3.4: Derived RT(λ) curves for different deposition
temperatures ranging from 10 to 150 K. The black curve shows
the fit using Eq. 3.9. The dot at 632.8 nm represents the assumed
specific refraction of 0.2072 cm3 g−1
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TABLE 3.2: Selected specific refraction (RSM(λ)) and refrac-
tive index (n(λ)) values over the studied wavelength range.
For brevity, the errors on the values for n(λ) are not shown.
The full Table is available as supplementary material. This
Table is published in its entirety in the electronic edition of the
Astrophysical Journal. A portion is shown here for guidance
regarding its form and content.
λ [nm] RSM(λ) 10 K 30 K 50 K 70 K 90 K 110 K 130 K 150 K
210.8 0.2545 ± 0.0061 1.2346 1.2568 1.2793 1.3022 1.3254 1.3489 1.3728 1.3869
250.1 0.2361 ± 0.0035 1.2167 1.2371 1.2577 1.2786 1.2998 1.3213 1.3431 1.3559
300.2 0.2248 ± 0.0020 1.2057 1.2250 1.2445 1.2643 1.2842 1.3045 1.3250 1.3370
350.2 0.2187 ± 0.0012 1.1999 1.2186 1.2375 1.2566 1.2759 1.2955 1.3153 1.3270
400.2 0.2150 ± 0.0008 1.1964 1.2147 1.2332 1.2520 1.2709 1.2901 1.3095 1.3209
450.2 0.2126 ± 0.0005 1.1940 1.2121 1.2304 1.2489 1.2676 1.2866 1.3057 1.3170
500.2 0.2109 ± 0.0003 1.1924 1.2104 1.2285 1.2468 1.2654 1.2841 1.3031 1.3142
550.2 0.2097 ± 0.0002 1.1913 1.2091 1.2271 1.2453 1.2637 1.2823 1.3012 1.3122
600.2 0.2088 ± 0.0001 1.1904 1.2081 1.2261 1.2442 1.2625 1.2810 1.2997 1.3107
650.2 0.2081 ± 0.0000 1.1897 1.2074 1.2252 1.2433 1.2615 1.2800 1.2986 1.3096
700.2 0.2075 ± 0.0001 1.1892 1.2068 1.2246 1.2426 1.2608 1.2792 1.2978 1.3087
750.2 0.2071 ± 0.0001 1.1888 1.2063 1.2241 1.2420 1.2602 1.2785 1.2971 1.3080
where C1 and C2 are the same absorption maxima as used in the fitting of
Eq. 3.7. Eq. 3.9 is fit to the curves in Fig. 3.4, yielding the best fit parameters
D1 = 0.8416 and D2 = 1.0592. We scaled the values of RT(λ) to intersect
R(632.8) = 0.2072 cm3 g−1 as any deviation from this value is due to errors
in the period determined in section 3.3.1. Subsequently, using Eq. 3.9 and the
Lorentz-Lorenz relation (Eq. 3.2) were used to calculate the n(λ) for different
temperatures and the corresponding densities (as listed in Table 3.1). The
resulting n(λ) curves are shown in Fig. 3.5. These curves all show a similar
wavelength behavior, with a non-linear increase in n for shorter wavelengths.
The curves differ with 0.018 for temperature steps of 20 K, resulting from
the linear increase in the density as a function of temperature Dohnálek et al.
(2003).
3.3.5 Comparison of the n(λ) 150 K experiment with literature
Fig. 3.5 shows the refractive index of ASW, with the corresponding densities
in the wavelength range between 210 and 757 nm. Also shown is n(λ) of
crystalline water ice at 150 K. The values of n(λ) are calculated from RSM(λ)
as derived in section 3.3.4. A comparison of n(λ) from our crystalline ice
deposited at 150 K with literature values of the refractive index as were
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reported by Warren and Brandt (2008) shows that these reproduce the literature
values well.

























FIGURE 3.5: Wavelength-dependent refractive index of water
ice grown at 150 K (in gray), compared with literature values
from Warren and Brandt (2008), reported as blue crosses. The
reference values at 632.8 are shown as solid circles. The other
curves represent ASW for which only one reference value at
632.8 nm (indicated by solid circles) exists.
3.3.6 Imaginary refractive index
With the experimental derivation of the real part of the refractive index, it is
possible, in principle, to derive also the imaginary part, i.e., the parameter
that describes the absorption properties, using the Kramer-Kronig relation.
However, as already noted by Warren (1984), in the UV-vis the imaginary
refractive index is several orders of magnitude smaller than n, and as a direct
result, in our experiments the accuracy of n is insufficient to constrain relevant
imaginary refractive index values.
3.4 Astrophysical implications
In the introduction, the relevance of measuring refractive indices for interstellar
ices was already mentioned. In most cases, only data for specific wavelengths
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exist and in the few cases larger wavelength domains have been studied, the
resolution is quite low. For this reason, many of the solar system ice and
interstellar ice studies rely on refractive index values of crystalline ice reported
at moderate resolution. We demonstrated that the refractive index of ASW and
crystalline ice shows a similar dependence on the wavelength, but that for the
exact values the porosity is required. In the cases where amorphous, and likely
porous, ice is expected to be present, the results from our study improve the
fidelity of the simulations and this should help to interpret astronomical ice
studies.
In laboratory studies of astronomical ice analogues, accurate optical con-
stants improve the ability to quantify the solids under investigation. One
should consider that all solid state infrared band strength determinations ulti-
mately rely on quantifying the solid using lasers in the UV-vis. The uncertainty
of infrared band strengths is typically in the order of 20 % and improvements
in the quantification of solids will result in better constrained infrared band
strengths. In order to study the refractive index of species for which no specific
refraction is available, an alternative approach to determine absolute values
of n(λ) can be applied. If one measures the interference at different angles
simultaneously (Browell and Anderson, 1975; Romanescu et al., 2010), R can be
determined by analyzing both signals. We intend to implement an additional
helium-neon laser path and use this method, yielding the essential calibration
point which will allow us to determine the refractive index over the full UV-vis
wavelength range. In this way, the n(λ, ρ) values for astronomically relevant
ice mixtures, such as H2O:CO2, can be determined.
3.5 Conclusions
We demonstrate the use of a new method to determine the refractive index
of amorphous water ice between 10-130 K and crystalline ice at 150 K in the
210-757 nm range, with a wavelength resolution of 0.56 nm and derive a
continuous function to calculate the refractive index based on the porosity and
wavelength. The results also indicate that in the UV-vis, crystalline ice and
ASW show the same wavelength dependency, but that the absolute refractive
index is a function of the density of the ice. The availability of this data will
assist in the interpretation of observations where porous amorphous water
ice is involved. With the new method it is possible to measure the refractive
index (and the specific refraction) of any ice or ice mixture using only a single
calibration point. In the future this method may be applied to other ices or
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ice mixtures, obtaining the refractive index over the full UV-vis range of other
astronomically relevant ice constituents. In the astrophysical laboratory, it will
help improve quantification of solids and ultimately result in more accurate
infrared band strengths. Considering the new range of telescopes coming
available in the coming years (e.g. the James Webb Space Telescope or the ELT
in the UV-vis) such information will be very useful.
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and its cation in water ice
Abstract
Triphenylene (C18H12) is a highly symmetric polycyclic aromatic hydrocarbon
(PAH) with a ‘fully-benzenoid’ electronic structure. This confers a high chemi-
cal stability compared with PAHs of similar size. Although numerous infrared
and UV-visible experimental spectroscopic and theoretical studies of a wide
range PAHs in an astrophysical context have been conducted, triphenylene
and its radical cation have received almost no attention. There exists a huge
body of spectroscopic evidence for neutral and ionised PAHs in astrophysical
sources, obtained principally through detection of infrared emission features
that are characteristic of PAHs as a chemical class. However, it has so far not
proved possible to identify spectroscopically a single isolated PAH in space,
although PAHs including triphenylene have been detected mass spectrometri-
cally in meteorites. In this work, we focus on recording laboratory electronic
spectra of neutral and ionised triphenylene between 220 and 780 nm, trapped
in H2O ice and solid argon at 12 K. The studies are motivated by the potential
for spectroscopic astronomical detection of electronic absorption spectra of
PAHs in ice mantles on interstellar grains as discussed by Linnartz, 2014, and
were undertaken also in a cold Ar matrix to provide guidance as to whether
triphenylene (particularly in its singly positively ionised form) could be a
viable candidate for any of the unidentified diffuse interstellar absorption
bands. Based on the argon-matrix experimental results, a comparison is made
with previously unpublished astronomical spectra near 400 nm which contain
broad interstellar absorption features consistent with the predictions from
Kofman, V., Sarre, P. J., Hibbins R. E., ten Kate, I. L. and Linnartz, H. 2017 “Laboratory
spectroscopy and astronomical significance of the fully benzenoid PAH triphenylene and its
cation“ In: Mol. Astrophys. 7, 19
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FIGURE 4.1: Molecular structure of triphenylene (C18H12). The
peripheral hydrogen atoms are omitted for clarity.
the laboratory matrix spectra, thus providing motivation for the recording of
gas-phase electronic spectra of the internally cold triphenylene cation.
4.1 Introduction
Polycyclic aromatic hydrocarbons (PAHs) are ubiquitous in space and observed
in many types of astrophysical environments (Tielens, 2013). Their presence is
inferred from a number of mid-infrared emission features at wavelengths that
are characteristic of C-C and C-H vibrational modes of PAHs (Allamandola
et al., 1989).
It is generally accepted that excited vibrational levels of PAHs emit infrared
radiation on relaxation after electronic excitation, for example in photon-
dominated regions (Tielens, 2013). The physical and chemical processes at
play on excitation are currently a topic of intense laboratory study; PAHs
can be ionized or dissociate on photon absorption (Zhen et al., 2014a; Zhen
et al., 2015), enriching the interstellar medium with charged hydrocarbons
and other hydrocarbon species that are hard to generate through bottom-up
reaction schemes. Recently, it has been shown that fullerenes can be formed by
photolysis of very large PAHs (Zhen et al., 2014b). The molecules C60, C70, and
C60+ have been observed in a number of astrophysical sources through their IR
emission spectra (Cami et al., 2010; Sellgren et al., 2010; Berné et al., 2013). More
recently, Campbell et al., 2015 have claimed the assignment of two stronger and
possibly three more weaker diffuse interstellar absorption features in the 900-
1000 nm region, as due to electronic transitions of C60+ (Campbell et al., 2015;
Walker et al., 2015; Campbell et al., 2016a; Campbell et al., 2016b). Attempts
to compare optical laboratory data for gas phase spectra of PAHs with DIB
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absorption features recorded through diffuse interstellar clouds have not led to
the identification of any PAH as a DIB carrier. A wide range of PAHs could be
present including neutral, ionised, protonated, deprotonated, hydrogenated,
dehydrogenated and substituted forms, however, not all of these have been
explored experimentally. Surveys and critical assessments of the issues have
been presented by Salama (2008) and references therein, Salama et al. (2011),
Gredel et al. (2011), Steglich et al. (2011), Salama and Ehrenfreund (2014), and
Huisken et al. (2014).
Neutral triphenylene, C18H12, is a highly symmetric (D3h) molecule con-
taining three aromatic rings (see figure 4.1). It is a fully benzenoid PAH, which
distinguishes it from many other PAHs as its aromatic rings are directly con-
nected to each other, and all carbon atoms participate in aromatic stabilization.
As benzenoid PAHs are both chemically and photochemically less reactive
than non-benzenoid PAHs, this makes triphenylene particularly interesting in
an astronomical context, and its cation as a potential DIB carrier. Triphenylene
has been found in isomer-specific mass spectra of meteorite samples (Callahan
et al., 2008) and contains six hydrogen atoms in ‘bay’ sites. Based on the inter-
pretation of the line shapes of IR emission features, PAHs with such sites are
thought to be present in the ISM (Candian et al., 2014).
The outline of this chapter is as follows. In the next section, the motivation
for the experiments is discussed and the experimental details are given in
section 4.3. Section 4.4 summarizes what is known about triphenylene and its
cation in the literature. This information is linked with the experimental data
in section 4.5. The final section concludes with a discussion of the astronomical
relevance of these findings.
4.2 Experimental-astronomical motivation
4.2.1 PAHs in water ice
PAHs are expected to freeze out, as do many other volatile species, on cold
dust grain in interstellar and circumstellar media. As water forms the main
constituent of ice in space, the study of PAHs in water ice is of particular
interest. In the laboratory, where specific PAHs can be selected, IR and UV-
VIS studies have provided much information on the physical and chemical
properties of such species embedded in water ice (e.g. Sandford et al. (2004),
Bernstein et al. (2005), Bernstein et al. (2007), Guennoun et al. (2011), Bouwman
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et al. (2011), and Cuylle et al. (2014b)). In astronomical infrared ice surveys,
however, many PAHs have similar vibrational modes, causing spectral features
to overlap. It is here that optical electronic solid state spectra of PAHs in a low-
temperature water matrix can offer an attractive potential alternative (Linnartz,
2014). Water itself does not absorb in the UV-VIS, and a significant number of
electronic transitions of neutral and ionised PAHs have much higher transition
strengths and are more molecule-specific than their vibrational spectra. This
means that in laboratory studies of optical spectra highly diluted mixtures
of PAHs embedded in water ice can be used, which are more representative
of real astronomical conditions. Optical absorption spectroscopy of PAHs
embedded in interstellar ice analogues was introduced in 2003 by Gudipati and
Allamandola (Gudipati and Allamandola, 2003; Gudipati and Allamandola,
2004; Gudipati, M. S. and Allamandola, 2006) and has more recently been
applied to a number of cases in Leiden (Bouwman et al., 2009; Bouwman
et al., 2011; Cuylle et al., 2014b). A range of PAHs embedded in various
matrix environments (mainly water, NH3, and Ne/Ar) has been studied, along
with their spectroscopic dependence on a number of parameters, including
temperature, ice morphology and concentration. The present study adds to this
research through the study of triphenylene and its cation embedded in water
ice. With the discovery that radical cations of PAHs can be stable in water ice
for extended periods of time, i.e. more than several weeks (Gudipati, M. S. and
Allamandola, 2006), the potential astrochemical relevance of these trapped ions
became clear. This same study showed that up to 70 % of the embedded neutral
PAH sample can be ionised by VUV radiation. As the electrons and radical
cations remain separated in the ice, both species can participate in subsequent
reactions. Regeneration of the parent neutral PAH is not significantly observed
on the heating of ice-embedded PAH cations (Gudipati, M. S. and Allamandola,
2006). Recent IR studies show the formation of alcohols (PAH-OH) and ketones
(PAH=O) (Guennoun et al., 2011; Cook et al., 2015) in VUV-irradiated PAH-
containing water ices at 14 K temperatures. Generally observed is that critical to
the lifetime of the radical ion is the morphology of the ice where, upon heating,
the transition from amorphous to crystalline ice heralds the end of its lifetime.
Up to that point, the stability argument suggests that astrophysical ices may
be enriched with ions, and, as the main constituents of ice are transparent to
visible light, these species may thus be detected by their absorption features in
direct or scattered light.
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4.2.2 PAHs as diffuse band carriers
PAHs have been discussed as potential carriers of some, possibly many, of
the diffuse interstellar absorption bands for many years. However, to date,
none of the PAH neutrals, radical cations or protonated PAHs that have been
studied spectroscopically in matrices or in the gas phase has been found to
have a definitive correspondence with spectra observed towards reddened
background stars. It is clear that the strongest diffuse bands do not originate in
small PAH species, but this does not rule out PAHs as an entire class contribut-
ing to interstellar absorption. The recent identification of C60+ as a diffuse
band carrier by Campbell et al. (2015) was built initially on matrix absorption
experiments by Fulara et al. (1993) that are very similar to those reported here
for the triphenylene cation (C18H12+). The matrix results inspired astronomical
observations by Foing and Ehrenfreund, 1994 in the relatively unexplored
and observationally challenging spectral region near 950 nm which revealed
new diffuse bands in possible correspondence with the matrix data of Fulara
et al. (1993). The recent recording of gas-phase spectra of HenC60+ (which
provides data which are very close to the expected spectra of isolated C60+, see
Campbell et al. (2015) and Kuhn et al. (2016)), confirms C60+ as the carrier of
the two diffuse bands found by Foing and Ehrenfreund (1994).
4.3 Experimental details
The spectra of triphenylene and its cation were measured using OASIS, our
Optical Absorption Setup for Ice Spectroscopy. The setup has been used in a
number of comparable studies previously, and details are available from (Bouw-
man et al., 2009). Dilute ice mixes of PAH and water/argon (between 1:3,000
and 1:8,000) were prepared by sublimating triphenylene and co-depositing this
with water or Ar onto a UV-VIS-transparent MgF2 window held at 12 K. The
sample is mounted in a high vacuum chamber (10−7 mbar) on top of a cold
finger that is cooled by a closed cycle helium cryostat. Absolute temperature
control is realized through resistive heating using a Lakeshore temperature
controller. The resulting ice thickness is determined by laser interferometry in
the reflected light of a HeNe laser; a rather common procedure. See Baratta
and Palumbo (1998) and for a recent overview Bossa et al. (2014). Typical ice
thicknesses studied here are between 1 and 2 µm. In these experiments the
number of triphenylene molecules in the sample was determined by integrat-
ing the absorbance of the S3 ← S0 transition (227-268 nm; f = 0.99) and using
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the conversion factor 8.85× 10−13 from oscillator strength to cm molecule−1 as
described by Hudgins et al., 1993; Kjaergaard et al., 2000; Bouwman et al., 2009.
A commercial sample of triphenylene (98 % purity) was used without further
purification. It was heated typically to a temperature of 350 K in a small oven
positioned close to the substrate holder. For the matrix, pure milli-q water was
degassed in several freeze-pump-thaw cycles prior to use; commercial argon
5.0 was used without further purification. Spectra were taken using a deep
UV xenon-arc lamp that covers the wavelength range 220-1200 nm. The light
was guided through the ice sample and after dispersion by a spectrograph, col-
lected on a CCD camera. The spectral resolution is 0.6 nm per pixel, but higher
resolution spectroscopy can be realized by using different gratings. Given
the broad nature of the solid state spectra recorded here, a higher resolution
was not needed. To generate ions, a H2 microwave discharge lamp was used
which generates mainly Ly-α and 160 nm VUV photons, with a typical flux
of 1− 5× 1013 photons cm−2 s−1 at the ice sample. (Warneck, 1962; Ligterink
et al., 2015). Electronic spectra of the cations were taken by monitoring the
absorption with respect to the non-irradiated ice. Positive features are thus
the formed reaction products (i.e. cation) and a negative feature illustrates the
consumption of a precursor species. The spectra shown are the result of the
addition of 100-200 spectra, or 2-4 seconds of integration depending on the
settings. Whereas in previous studies (e.g. Bouwman et al., 2011) the PAH and
PAH+ spectral features are generally well separated, this is not the case for
the triphenylene system below 300 nm. As a result, the cation spectra below
290 nm are not shown or discussed.
4.4 Spectroscopy of triphenylene
Gas-phase (S1 ← S0) spectra of neutral triphenylene recorded by laser-induced-
fluorescence and dispersed fluorescence spectroscopy have been reported
(Kokkin et al., 2007).
The origin band transition is symmetry-forbidden and the strongest vibron-
ically allowed band (3510) near 329 nm is calculated to have an extremely low
f-value of 0.0007 (Kokkin et al., 2007). In a recent sensitive study of the 305-370
nm region no interstellar absorption was found at this wavelength (Bhatt and
Cami, 2015). The S2 ← S0 and S3 ← S0 transitions are much stronger with
oscillator strengths of f ∼ 0.5 and f ∼ 1, respectively (Malkin, 1992).
In relation to the triphenylene cation, three gas-phase photoelectron (PES)
studies (Brogli and Heilbronner, 1972; Boschi et al., 1974; Schmidt, 1977) of
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TABLE 4.1: Summary of results for neutral triphenylene (I)
and the triphenylene cation (II) and literature values for the
cation(III).
Experimental T [K] Transition λ [nm]a Width [nm(cm−1)]b
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642 [0.09], 642 [0.03]
647 [0.07], 641 [0.04]
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aThe strongest principal absorption bands are underlined and satellite bands are listed in
parentheses (). The computed f -value where available is given in parentheses [ ]
bThe width is estimated based on the part of the peak that is exposed above the overlapping
features. Note that this is not precisely the FWHM, as most of the transitions are not pure
Gaussians/Lorentzians.
cShida, 1988
dBrogli and Heilbronner, 1972; Boschi et al., 1974; Schmidt, 1977
eThe strongest principal absorption bands are underlined and satellite bands are listed in
parentheses (). The computed f -value where available is given in parentheses [ ]
fKeszthelyi et al. (2000)
gIt should be noted that the ‘ground’ 2A2 and 2B1 states have almost the same energy.
Transitions near 5 µm (to D1) are also predicted but with extremely low oscillator strengths of
0.0007/0.0001 and are neglected here, as are transitions to the D2 state predicted at 1280 nm.
hHirata et al. (2003)
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triphenylene yield vertical ionic state separations with corresponding mean
excitation wavelengths which we calculate to fall near 690 and 570 nm. Unfor-
tunately, apart from the first photoelectron band (Boschi et al., 1974), no labo-
ratory photoelectron spectra have been published that could assist in making
spectral assignments, as noted in the critical analysis of available data by
Deleuze, 2002. Khan, 1978; Khan, 1992 reported electronic spectra of the
triphenylene cation in boric acid glass covering the 200-900 nm region and
compared these data with both photoelectron spectra and theoretical results.
An electronic spectrum of the cation in a low-temperature freon matrix is also
known (Shida, 1988) which revealed absorption bands at 1715 and 1360 nm
in the near-infrared, 708, 688, 640 and 583 nm in the visible and 405, 397, 385
and 363 nm in the near-UV. Similar results were obtained for the cation in an
s-BuCl matrix (Shida and Iwata, 1973). Finally, magnetic circular dichoism
spectra are available for both the cation and the anion in boric glass at high
temperature (van Paridon et al., 1979).
As is the case for the benzene cation, the triphenylene cation has two
almost isoenergetic 2A2 and 2B1 ‘ground’ electronic states in C2v symmetry
which are separated in energy due to Jahn-Teller interaction. Keszthelyi et
al., 2000 find that QCFF/PI and ROHF calculations predict the 2A2 state to
be the lower in energy, whereas DFT methods they employed favour 2B1 as
the lower state. It was noted that the ’almost negligible’ difference in energy
between the states indicates that the cation could be fluxional in nature, but
this may not be the case in a low-temperature argon or water matrix, or under
interstellar conditions. A later study of these two ‘ground’ states by Kato
and Yamabe, 2005 found that their HOMO (B) with A2 symmetry is stabilised
whereas HOMO (A) with B1 symmetry is destabilised by vibronic interaction.
We adopt this state ordering here and label the electronic states following the
notation of Keszthelyi et al., 2000 as D0, D1 etc. in order of increasing energy.
The symmetry of the transitions is as follows: D0,1,2,3,4,5,6, ≡ X̃ 2A2, 2B1 ,2A2,
2B1, 2A2, 2B1, 2B1 (Keszthelyi et al., 2000). No gas-phase electronic spectrum
of the triphenylene cation is known, but an infrared gas-phase spectrum has
been recorded and was found to be complex with significant deviations from
theoretical prediction; this is possibly due to Jahn-Teller effects (Oomens et al.,
2006). Finally, the QCFF/PI calculations by Keszthelyi et al., 2000 predict
absorption wavelengths of 642, 588 and 386 nm for UV-VIS transitions from
X̃2A2 and 647/641, 595 and 386 nm from X̃2B1, with oscillator strengths in the
range 0.03 to 0.1; Hirata et al., 2003 obtained bands at 685 and 574 nm (with
f values of 0.06 and 0.116, respectively) using TD-DFT methods. Although
electronic (and vibrational) spectra of a large number of PAH radical cations
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in low-temperature inert gas matrices have been recorded, to the best of our
knowledge, there are no reported equivalent studies of the triphenylene cation.
4.5 Results
The neutral triphenylene molecule, C18H12, and its radical cation have been
studied here in relation to their possible presence in water ice mantles on
interstellar grains and as potential diffuse interstellar band carriers.
4.5.1 Spectra recorded in solid argon and water ice
A sample of neutral triphenylene was deposited in solid argon as described
in section 4.3 and yielded the absorption spectrum as shown in figure 4.2(a).
Further (sharper) bands near 330 nm were observed in thicker samples and
are attributed to the weak (S1 − S0) transition (Levell et al., 2010) (see inset).
Exposure to vacuum UV radiation using the MW discharge lamp results in
ionisation of triphenylene (ionisation energy of 7.88 eV (Jochims et al., 1999)).
The resulting spectrum is shown in figure 4.2(b) and is comparable to that
obtained by Shida, 1988 at 77 K in a freon matrix, but suffers significantly less
from matrix perturbations (see table 4.1).
Embedding neutral triphenylene in water ice results in a matrix shift of
roughly 0.5 nm (at 402 nm) to longer wavelengths compared with the argon
matrix. This is illustrated in figure 4.3(a), which also shows that the overall
triphenylene features in Ar and H2O are rather similar. The resulting spectrum
upon VUV irradiation is shown in figure 4.3(b). The signal to noise ratios of the
spectra in water are lower as less triphenylene can effectively be ionised due to
the limited penetration depth of VUV-radiation in water (see Cruz-Diaz et al.,
2014) It should also be noted the transition strength of the cation is relatively
low. Additionally, peak broadening is observed for both the neutral and the
cation (see table 4.1), which is due to the stronger interactions of water with
the molecules (as compared to Ar).
4.5.2 Spectroscopic assignments
As outlined in section 4.3, the electronic symmetry of the ground state of the
triphenylene cation has not yet been established with certainty and could be
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FIGURE 4.2: Electronic spectra of triphenylene neutral (a) and
cation (b) in an argon matrix at 12 K. The inset in (a) shows the
forbidden transitions to the S1 state, which are approximately
two orders of magnitude weaker and significantly narrower
than the allowed transitions. In (b) the labeling D3, D4, D5
etc. indicates the electronically excited doublet (D) state of the
cation involved in the transition and follows the notation given
in Keszthelyi et al., 2000.
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FIGURE 4.3: Triphenylene neutral and cation deposited in a
water matrix at 12 K where (a) shows the neutral spectrum and
(b) the cation (see 4.5.2). Dotted lines in the cation assignments
indicate the location of the transitions in the argon matrix, full
lines indicate the position in the water. For clarity, the spectrum
of the cation in argon as presented in figure 4.2 is shown below
the cation spectrum in water ice.
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either 2B1 or 2A2. It is also uncertain as to whether both of these electronic
states are populated in a low-temperature matrix. The observed electronic
transitions of the cation fall into three main groups near 690 & 560 (broad)
and at 402 nm with some further bands near 300 nm. Guided by the results
of calculations and photoelectron spectra (see text and table 4.1), these three
groups are assigned to transitions from the ground D0 state to D3/D4, D5, and
D6 respectively as shown in figure 4.2 and also listed in table 4.1.
Absorption appears most prominently in two main regions in the argon
matrix spectra near 700 and 402 nm. Keszthelyi et al., 2000 calculated the
energies of the relevant electronic states at optimised geometries for the 2B1
and 2A2 states, and also computed the oscillator strengths for the relevant
transitions (see table 4.1). The 402 nm band of the triphenylene cation in argon
is most readily assigned to the calculated origin bands which are both predicted
to fall at 386 nm with oscillator strengths of 0.11 and are due to 2A2 – X̃2B1 or
2B1 – X̃2A2, depending on the ground state adopted. The additional weaker
bands located at 395 and 384 nm probably arise from excitation to vibrationally
excited states which lie about 440 and 1160 cm−1 higher in energy, respectively.
Vibrational excitation of 440 cm−1 probably corresponds to promotion of
the mode with a1 symmetry (419 cm−1) which was identified with the strongest
band in the resonance Raman spectrum of the triphenylene cation by Keszthelyi
et al. (2000), and is illustrated in figure 4 of their paper. We report an additional
absorption feature at 316 nm (D7), with a possible vibronic component at 300
nm, which was not reported in the studies of Keszthelyi et al., 2000.
In contrast, the 695 - 629 nm spectral region is more complex and involves
fully allowed photo-excitation to two excited electronic states, each potentially
with associated vibrational band structure. This might be disentangled through
computation of the vibrational level structure in the excited electronic states.
Finally, we note that, while not recorded in this work, weaker bands near
1715 and 1360 nm, recorded by Shida, 1988 using a freon matrix and attributed
to the triphenylene cation, can reasonably be assigned as arising from excita-
tions to the 2A2 (D2) state which is calculated to lie 0.97 eV above the ground
state, with a computed oscillator strength of 0.05 (Keszthelyi et al., 2000).
4.6 Astrophysical implications
The motivation behind the water matrix studies is that in relatively dense
interstellar regions PAHs are expected to freeze out on dust grains, where
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they will be embedded in water ice. Given the special nature of the ice, i.e.
conserving the charged nature of individual PAHs in an environment where
densities can get much higher than in the diffuse interstellar medium, electronic
solid state spectra as presented here offer an alternative way to search for
individual PAHs in space (Linnartz, 2014), particularly for the case of the
triphenylene cation which is considered to be relatively stable. However,
observational absorption studies will be challenging, as the number of suitable
sight-lines where there is sufficient background light, but not so much as to
cause (photo)-evaporation of the ice, is limited. Non-steady-state conditions
would help in exposing ice-containing dust to sufficient illumination. An
ideal case is an embedded young stellar object with ice-covered grains which
is sufficiently dense, but also sufficiently transparent to background light to
enable near-UV-visible absorption spectra to be obtained. Spectra as shown in
figure 4.3, provide a valuable template for such studies.
TABLE 4.2: Diffuse band features recorded in the near-UV spec-
tral region towards HD 183143. The measured rest wavelength,
full width at half maximum (FWHM), central depth (Ac) and
equivalent width (W) are listed. The two bands marked ∗ are
probably interstellar in origin; the one at 3983 Å was listed as a
possible diffuse band by Hobbs et al. (2009) at 3983.60Å with a
FWHM of 5.3Å
Band λrest/ FWHM/ Ac W/m
λ4075 4075(2) 14(2) 0.020(2) 280(40)
λ4035 4035(2) 13(2) 0.018(2) 270(30)
λ4004 4004(2) 22(3) 0.026(2) 540(40)
λ3983∗ 3983(1) 6(1) 0.020(2) 110(25)
λ3923∗ 3923(4) 48(8) 0.021(2) 930(70)
TABLE 4.3: Spectral type and EB−V for observed stars.
Star Spectral type EB−V
HD 50064 B6Ia 0.82
HD 183143 B7Ia 1.26
β Ori B8Ia 0
PAH radical cations are commonly proposed as carriers of diffuse interstel-
lar bands and a key issue is whether the gas-phase triphenylene cation might
be responsible for a (small) part of the diffuse interstellar band spectrum. An
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estimate of the gas-phase origin bands for this radical cation can be made by
comparing well-known laboratory gas-phase and Ar-matrix electronic spectra
for other chemically similar PAH radical cations. For the cations of naphthalene
(C10H8+) (Romanini et al., 1999; Salama and Allamandola, 1991), phenanthrene
(C14H10+) (Pino et al., 1999; Andrews et al., 1985), acenaphthene (C12H10+)
(Biennier et al., 2003; Banisaukas et al., 2003), anthracene (C14H10+) (Sukho-
rukov et al., 2004; Szczepanski et al., 1993), coronene (C24H12+) (Hardy et al.,
2017; Szczepanski and Vala, 1993) and pyrene (C16H10+) (Biennier et al., 2004;
Salama and Allamandola, 1992), the shifts to lower wavenumber induced by
the argon matrix are 95, 98, 223, 266, 232 and 352 cm−1, respectively; the corre-
sponding gas-phase line widths in jet-cold spectra are all quite broad, being 25,
16, 55, < 94, 106 and 145 cm−1, respectively. Hence for cationic triphenylene,
using these laboratory data and the Ar-matrix data in table 1, the gas-phase
origins are predicted to fall in the 3970 - 4010 Å and 6780 - 6900 Å regions.
In practice, the latter 6780 - 6900 Å region is far too congested with diffuse
bands and telluric features for a meaningful comparison between laboratory
and astronomical data to be made.
However, a more tractable question is whether there exist broad interstellar
absorption features in the 3970 - 4010 Å spectral region? This part of the
interstellar absorption spectrum has been little studied and presents challenges
as discussed by Hobbs et al., 2008; Hobbs et al., 2009. These include a relatively
poor sensitivity level as the photon flux is low due to interstellar reddening, the
presence of atomic hydrogen photospheric lines, and a selection effect which
discriminates against broad features and reduces their detectability; this is
strongest for high-resolution observations, as is the case for most diffuse band
surveys, resulting in a low central depth for a broad absorption band even
when its equivalent width is reasonably high (Hobbs et al., 2008; Hobbs et al.,
2009).
A summary on the few near-UV studies of interstellar absorption spectra
undertaken up to 1995 has been given by Herbig (1995). These include record-
ings made using a photoelectric scanner at a resolution of 20 Å by Honeycutt
(1972) who found absorption between c. 3850 and 4100 Å but could not be
certain that it was interstellar in origin. More recent surveys covering the
near UV (see Sonnentrucker (2014) and references therein) have generally been
conducted at high spectroscopic resolution making detection of broad features
difficult. A good discussion of Apache Point Observatory (APO)-based obser-
vations, together with those of Jenniskens and Desert (1994) and of Tuairisg
et al. (2000) - all of which cover the near-UV, is presented in Hobbs et al. (2008)
and Hobbs et al. (2009). It is recognised by Hobbs et al. (2008, 2009) that
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FIGURE 4.4: Spectra recorded towards the unreddened stan-
dard star β Ori (HD 34085) (a), and two reddened stars
HD 183143 (b) and HD 50064 (c), with the latter two spectra
each offset vertically by 0.1. Stellar hydrogen and interstel-
lar Ca II H and K (3968.5 and 3933.7 Å) lines are prominent,
with broad diffuse bands seen towards the two reddened stars
between 3850 and 4100 Å (see also table 4.2 and the text). The
location of the diffuse bands is marked with horizontal bars.
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their studies were biased against detection of broad DIBs, as was noted for
their separate study by Jenniskens and Desert (1994). A dedicated programme
of low-resolution APO observations designed to address this issue has been
initiated (York et al., 2014), and other major surveys covering the near-UV
are in progress (Maíz Apellániz, 2015). Observational data for a number of
reddened O- and B-type and comparison stars were obtained by Herbig and
Sarre in 1992-3 using the 88′′ University of Hawaii telescope (see table 2) with
the Coudé f/34 spectrograph, at a far lower resolution of c. 7,000. A few diffuse
bands in the near-UV were found which are broad with full-width-half-maxima
in the range 10-30 Å (60-200 cm−1) - see Hibbins et al., 1994, Hibbins, 1996 and
discussion in Herbig, 1995. Figure 4.4 shows for the first time the recorded
spectra towards HD 183143 and HD 50064, together with the spectrum of the
standard star β Ori for comparison. Comparison of the reddened and unred-
dened spectra reveals the presence of the near-UV bands listed in table 4.2 and
highlighted in Figure 4.4. Interestingly these bands all fall in the 3850-4100 Å
range suspected previously by Honeycutt, 1972 of being interstellar in origin.
Given that absorption by gas-phase C18H12+ in the 400 nm region is pre-
dicted, this molecule can be considered a candidate for one or more of the
broad diffuse bands seen, though gas-phase spectra of the ion are essential to
confirm or refute this suggestion. The equivalent widths and FWHM of the
measured features towards HD 183143 are given in table 4.2.
Taking 300 mÅ as a typical equivalent width (see table 4.2), a wavelength
of 400 nm, and the computed oscillator strength for the 2A2 - X̃ transition of
0.11 (Keszthelyi et al., 2000), it is possible to estimate the column density of
the triphenylene cation towards HD 183143 that would be required to produce
such an absorption. The column density obtained is 2×1013 cm−2 which is not
an unreasonably high value. It is also expected that as the bands would be
from a PAH cation, the spectral linewidths would be larger than for transitions
of neutral PAHs and this is corroborated by the gas-phase experimental data
for similar PAH cations. For reference, a FWHM of 145 cm−1 (as measured in
the laboratory for the similar-sized gas-phase pyrene cation) corresponds to
23 Å at 400 nm which is similar to the widths of the absorption features under
discussion (see table 4.2). We conclude that there is observational evidence
of interstellar absorption bands in the 400 nm region that are consistent in
wavelength and width with those expected for the gas-phase triphenylene
cation, but that gas phase laboratory spectra are needed, particularly as the
absorption bands are expected to be broad.
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The photochemistry of glycine
in water ice
Abstract
We have investigated the protective and photochemical role of amorphous
solid water (ASW) upon vacuum ultraviolet (VUV) irradiation of embedded
glycine (Gly, NH2CH2COOH) using in situ and simultaneous UV-vis and IR
spectroscopy. The photodegradation of Gly is monitored by its dissociation
products. Gly photolysis in a water-free matrix results in CO2 and · CN/HCN.
In ASW, CO2 and HCN/OCN− are formed, indicating that water participates
in the VUV induced photoprocesses. Quantitative results are derived based on
the photodestruction rates as a function of H2O thickness. These indicate that
approximately 152 nm of compact water ice is needed to decreases the VUV
flux by half. We use this result to calculate the survival chance of Gly under
the VUV radiation present in dark molecular clouds.
5.1 Introduction
For many years, comets have been considered as a potential source of prebiotic
molecules to planets like the early Earth (Chyba and Sagan, 1992). This hypoth-
esis is supported by the recent detection of glycine (Gly) and other organic
molecules on comet 67P/Churyumov-Gerasimenko (Goesmann et al., 2015;
Altwegg et al., 2016) and by studies of organic matter in cometary dust grains
collected from the tail of 81P/Wild by the Stardust mission (Sandford et al.,
Kofman, V., Jense H. T., Ligterink N. F. W., ten Kate, I. L. and Linnartz, H. “The role of water
ice on the vacuum UV photodegradation of embedded glycine“ In prep.
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2006). Other potential extraterrestrial sources of organic matter are meteorites,
asteroids and interplanetary dust particles (Chyba and Sagan, 1992; Ehren-
freund et al., 2002; Frantseva et al., 2018), all of which can contain significant
amounts of organic carbon, including amino acids (Cody and Alexander, 2005;
Schmitt-Kopplin et al., 2010; Elsila et al., 2016).
In recent years, specialized laboratory studies have shown that large organic
molecules can form from rather simple precursor species in and on the icy
layers that cover nano- to micrometer-sized interstellar dust grains (Gibb et al.,
2004; Boogert et al., 2015). Examples of reactions resulting in these complex
organic molecules (COMs) are the hydrogenation of CO to form formaldehyde,
methanol and larger saturated carbohydrates, such as glycoaldehyde, ethylene
glycol and glycerol (Hiraoka et al., 1994; Zhitnikov and Dmitriev, 2002; Fuchs
et al., 2009; Chuang et al., 2016; Fedoseev et al., 2017); the UV irradiation of
methanol ice (Öberg et al., 2009a; Henderson and Gudipati, 2015; Paardekooper
et al., 2016) or methane ice (Baratta et al., 2002; Cottin et al., 2003; Bossa et al.,
2015a) which were all shown to result in the formation of small sugars, sugar
alcohols and ethers as well as ethane and other alkanes. These studies are in
line with work in which ex situ analysis of residues, remaining after prolonged
VUV irradiation of ice mixtures consisting of H2O, CO, CO2, CH3OH, NH3, and
HCN, were shown to contain a surprising variety of large organic molecules
(Muñoz-Caro et al., 2002; Bernstein et al., 2002; Nuevo et al., 2010; Meinert
et al., 2016; Danger et al., 2016). Thermal processing of astronomical ices (i.e.
from 10 to 300 K) is also thought to be involved in the formation of more
complex molecules (Noble et al., 2013; Theulé et al., 2013). In many of these
reactions, the solid phase acts as a molecular reservoir and a third (catalytic)
body facilitating surface reactions and capable to absorb the excess formation
energy released in radical recombination reactions (Hama and Watanabe, 2013;
Linnartz et al., 2015; Butscher et al., 2017).
In all these processes, the formation and destruction of molecules are closely
related. In order for the organic material found on icy dust grains to survive
on comets or interplanetary dust particles, it needs to withstand a significant
dose of vacuum UV (VUV) radiation, either from stellar radiation or due to
emission from cosmic ray excited molecular hydrogen. The goal of the work
presented here is to investigate how well COMs formed in ice environments
are protected by that same environment, using Gly as a representative for other
COMs.
The planetary science community has been focusing in the past on the
photostability of amino acids, and mostly in their pure form. Amino acids
5.1. Introduction 83
are present in all life as we know it, and are thus highly relevant from an
astrobiological perspective. Amino acids contain an amine group ( NH2) and
a carboxylic acid group ( COOH), both important and ubiquitous in biological
molecules as they can react to form the peptide bonds, the basis of proteins.
These groups, and thus amino acids, are relatively reactive. Studies over the
last years have focused on the survival of Gly, the smallest amino acid, exposed
to UV-light (Ehrenfreund et al., 2001; ten Kate et al., 2005; Orzechowska et al.,
2007; Johnson et al., 2012), protons (Gerakines et al., 2012), X-rays (Pernet et al.,
2013; Portugal et al., 2014) and electrons (Maté et al., 2015). These studies
have shown that glycine is easily destroyed by the different types of external
processing, resulting in the formation of CO2 and HCN (Sagstuen et al., 2004).
The production of HCN from Gly was suggested to involve methylamine
(CH3 NH2) and methylimine (CH2 NH) as intermediate species, but so far
no evidence for these species has been found (Ehrenfreund et al., 2001). Many
of the aforementioned studies use pure Gly or Gly in water at relatively high
concentrations, raising the question to what extent Gly may react with itself or
produced fragments; high mixing ratios of Gly in water may affect the outcome
of the photochemical reactions.
In this chapter, we investigate the photodestruction of Gly embedded in
amorphous solid water (ASW), over a range of (lower) concentrations, with a
particular focus on the formation rates of the reaction products. The formation
rates are used to determine to what extent water ice can act as a radiative
shield, absorbing VUV light, and protecting embedded molecules. In fact, as
water is the most abundant ice in space, this would provide an effective way
to preserve COMs.
From the absorption cross section of water ice in the VUV, it is in principle
possible to derive the amount of light absorbed by a layer of water, and estimate
how likely molecules are to survive VUV radiation when inside water ice. The
absorption spectrum of water in the VUV has been recorded between 120 and
165 nm (Mason et al., 2006; Cruz-Diaz et al., 2014). Using the available literature
values (which considered the average absorption cross section) this results in a
50 % VUV flux decrease between 120-165 nm for every 62 nm of compact ASW.
Using the average cross section likely overestimates the shielding however, as
the VUV absorbance of water decreases strongly above 160 nm, thus allowing
the photons to penetrate deeper into the ice. Nor does not include the role
of chemical processes taking place. Absorption of a VUV photon by water
ice is known to produce · H and · OH, as well as O2 and H2O2 as secondary
products (Gerakines et al., 1996; Öberg et al., 2010; Yabushita et al., 2013). As
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radical species are known to be more mobile at higher temperatures, this is an
important aspect of understanding the reactivity of the water matrix on the
embedded species. Moreover, the VUV absorption decreases above 160 nm,
where the molecular H2 Lyman band system still causes prominent emission,
both in dark clouds and the hydrogen plasma lamps used in the laboratory.
Photons with energies in this range are still capable of photodissociating COMs.
For these reasons, here also an experimental study is performed. Our study
provides a different method for determining the penetration depth of VUV
photons in ASW, taking into account photochemistry, including those with
wavelengths longer than 160 nm.
By first constraining the photochemistry of Gly in a chemically inert argon
matrix, and then comparing these results with those of similar experiments
performed in ASW, this allows assessing the effect of water ice on the pho-
tostability of Gly. As the experiments are studied both using UV-vis and IR
spectroscopy, both electronic transitions of transients species, as well as the
vibrational spectra of the stable end products are measured. The experiments
are carried out with ices of increasing thickness between 150 and 700 nm, with
correspondingly decreasing concentrations, and at two different temperatures
(10 and 100 K). The results for the different temperatures and ASW thicknesses
are compared. Based on these results we calculate how much ASW is needed
for Gly to survive as a function of VUV flux.
5.2 Experimental details
Gly is co-deposited with argon or water at temperatures as low as 10 K. The
ice mixtures are then irradiated with VUV radiation for three hours. Gly
destruction and formation of products is monitored in situ and simultaneously
with UV-vis and Fourier transform infrared (FTIR) spectroscopy. A detailed
description of the experimental setup and sample preparation follows below.
5.2.1 Experimental setup
The new experimental setup used for this study has been described in detail in
Chapter 2. It consists of a cryostat mounted in a high vacuum chamber with a
base pressure of 5·10−8 mbar. At the tip of the cryostat, a UV to IR transparent
BaF2 (0.15 - 16.7 µm) window is mounted that is used as a substrate onto which
ices are grown, typically using direct deposition that results in compact ices.
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FIGURE 5.1: Molecular structure of the used 13C labeled glycine
(Gly). The 13C isotopic substitution is on the carbonyl carbon.
A custom built temperature controlled oven is used to sublimate non-volatile
species that are subsequently deposited onto the substrate. In Chapter 2 we
demonstrated the sublimation rate from our oven reproduces very well on
a day to day basis, allowing accurate reproduction of the column densities
of Gly (see Chapter 2, Fig. 2.5). Gly is simultaneously deposited with Ar or
H2O, dosed through a separate deposition line. This allows the preparation of
mixtures at any ratio as the amount of Ar/H2O is varied independently from
Gly.
The resulting ices are studied in two wavelength ranges, using UV-vis light
from a Xe-arc lamp (200-760 nm), and a Fourier transform infrared spectrometer
(FTIR, 2.5 - 16.7 µm). Both systems can be used simultaneously, allowing us
to link electronic and vibrational spectral features, see Kofman et al. (2018).
The prepared ices are irradiated using a microwave discharge hydrogen lamp
peaking around the Ly-α wavelength (121 nm) and emitting a broad (molecular
H2) band around 160 nm (Warneck, 1962; Cruz-Diaz et al., 2014; Ligterink et al.,
2015). These lamps have a spectral output similar to the interstellar radiation
field in the VUV (Heays et al., 2017). A MgF2 window allows transmission of
all wavelengths longer than 116 nm to the ice. The absolute flux of our VUV
lamp has been determined by oxygen-ozone actinometry (Cottin et al., 2003;
Fulvio et al., 2014) and is 1.7±0.3·1015 photons cm−2 s−1.
5.2.2 Sample preparation and processing
Commercially available 1-13C-Gly (99 %) is used without further purification.
Isotopically labeled Gly is used to discriminate between 13CO2 formed upon
dissociation and CO2 due to potential background gas contamination. The
molecular structure and the location of the isotopically enriched carbon atom
are shown in Fig. 5.1. Liquid nitrogen dried argon (5.0 purity), and deminer-
alized water, degassed by a series of freeze-pump-thaw cycles prior to use,
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are taken as precursor materials for the matrix environment. The thickness
of the matrix layer is regulated by the setting of a precision dosing valve.
Different thicknesses of water ice are realized by setting higher flow rates,
and as the deposition time is kept the same this results in increasingly lower
concentrations of Gly in the ice. For each experiment, the oven is pre-heated to
105 ◦C, before rotating the sample to face the oven and co-depositing argon
or water with the Gly to produce a homogeneous mixture. In each of the
experiments, the column density of Gly is in the order of 8·1015 molecules
cm−2. The Ar experiments are performed at 10 K, and the two investigated
ASW temperatures are 10 and 100 K. The ice thickness is determined from
the infrared integrated column densities of H2O, as no assumptions regarding
the ice densities have to be made using this method. Water column densities
used are between 4·1017 and 2·1018 molecules cm−2, corresponding to roughly
150-700 nm for fully compact ice (see 5.2. The ice mixtures are then irradiated
for 3 hours using the microwave discharge hydrogen lamp corresponding
with a total fluence in the order of 1.8·1019 photons cm−2. During the VUV
irradiation, UV-vis and infrared spectra are recorded continuously.
It should be noted that the sublimation of Gly produces the neutral form,
even though in its crystalline form at room temperature the molecule is known
to occur in its zwitterionic form NH +3 CH2 COO
–. The zwitterionic form is
preserved when embedded in the ice until it is heated above∼100 K (Maté et al.,
2011; Gerakines et al., 2012). The latter study showed that only at temperatures
of 140 K Gly is fully converted to its zwitterionic form. For our study this
implies that Gly will be predominantly in its neutral form; this is important as
its electronic absorption spectrum in the zwitterionic form is likely different
from the one in the neutral form.
5.3 Results and Discussion
5.3.1 Photochemistry of glycine
Gly has no detectable transitions in the UV-vis range, and only in argon can
we observe its infrared absorption features. At the Gly:ASW concentrations
used here, the Gly infrared signals are obscured by the much stronger water
features. Hence, we focus on the formation of photoproducts to characterize
the Gly stability on VUV irradiation, i.e. we take explicitly take into account
the photochemistry. The main photoproducts detected are 13CO2, HCN, · CN,
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TABLE 5.1: Molecular parameters of the four VUV induced Gly
fragments. Absorption maxima are in water ice.
Species Detection Absorption max. in H2O Transition strength Reference
13CO2 FTIR 2279 cm−1 7.8·10−17 cm molecule−1 Gerakines et al. (1995)
HCN FTIR 2090 cm−1 5.1·10−18 cm molecule−1 Bernstein et al. (1997)
· CN UV-vis 388 nm f = 0.0032 Danylewych and Nicholls (1978)
OCN– FTIR 2170 cm−1 1.6·10−18 cm molecule−1 van Broekhuizen et al. (2005)
and OCN–. Their respective absorption maxima and transition strengths are
listed in Table 5.1. Note that the absorption of the radical species · CN is in
the UV-vis, whereas the other fragments absorb in the IR. We use these band
strengths to derive column densities and formation rates.
Fig. 5.2 shows a zoom-in of the spectral region in the infrared where 13CO2,
OCN–, and HCN have vibrational transitions. The integrated area of the peaks,
which is used in the next section, are indicated in gray. For each experiment
(i.e. argon 10 K, water 10 K and water 100 K) three spectra are shown which
correspond to, i) before VUV irradiation, ii) after 1200 seconds and iii) after
3600 seconds of photoprocessing. The spectra are offset for clarity. The spectra
in Fig. 5.2 show that in each of the experiments significant amounts of 13CO2 is
formed upon VUV irradiation. Both HCN and OCN– are formed as well in all
of the experiments, but at very different abundances.
In Fig. 5.3 we show the measured abundance of the species listed in Table
5.1 and Fig. 5.2 as a function of time, i.e. increasing fluence. The results of
three different experiments are shown: Gly:Ar at 10 K, Gly:H2O at 10 K and
Gly:H2O at 100 K. Time t=0 is defined as the start of the VUV irradiation. All
panels show the column densities in molecules per square centimeter, which
are calculated using the integrated absorbance of the respective transitions.
13CO2 is shown in Fig. 5.3a, HCN in Fig. 5.3b, · CN in Fig. 5.3c and OCN
– in
Fig. 5.3d.
Comparing the 13CO2 production in Ar and H2O in Fig. 5.3a, we see that
the signal increases at the same rate for the first few hundred seconds in Ar and
ASW at 10 K. This is in agreement with previous studies by Ehrenfreund et al.,
2001, who reported similar half-life times of Gly in Ar and Gly in H2O; and
demonstrated that for thin ices the water environment does not enhance the
VUV photostability of Gly. For thicker water layers we will see that this is not
the case anymore, as will be discussed in section 5.3.2. The 13CO2 abundance
in Ar starts to decrease after roughly 20 minutes, indicating that 13CO2 is
destroyed at a larger rate than it is formed, whereas the net 13CO2 production

































FIGURE 5.2: Infrared spectra of the three different experiments
discussed in section 5.3.1. The top panel shows the Gly in argon
at 10 K, the middle panel in water at 10 K, and the bottom panel
in water at 100 K. Each of the plots shows three spectra, one
before irradiation, one after roughly 1200 seconds and one after
3600 seconds of irradiation. The locations of the absorption
of 13CO2, OCN
– and HCN are indicated, as well as the areas
under the features. Spectra are offset for clarity. Note that the
absorbance of OCN– is shifted, and a broad feature is present
under the HCN absorption in the argon matrix.
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FIGURE 5.3: Column densities of (a) 13CO2 , (b) HCN, (c) · CN
and (d) OCN– in three different experiments as a function of
time, i.e. of fluence. The black lines are Gly:Ar at 10 K, blue lines
Gly:H2O at 10 K and red is Gly:H2O at 100 K. The species are
indicated in the label on the vertical axis, note that the different
panels have different scales. The samples are irradiated from
t = 0 to 10800 seconds.
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continues in the water matrix. In ASW at 100 K, the 13CO2 production is
much less efficient. The reaction progresses slower, and the total column
density stabilizes after roughly 2000 seconds. It should be noted that CO2 is
not expected to escape from the ice matrix even at 100 K. We confirmed this by
monitoring the CO2 column densities after irradiation and prior to heating of
the sample.
The formation of HCN, shown in Fig. 5.3b, is much slower than the forma-
tion of 13CO2. This suggests that HCN forms as an indirect photoproduct from
Gly. The production of HCN is more efficient in Ar than in ASW, which is in
line with the observation that it is a secondary product, as more side reactions
can be expected to occur in ASW. The fact that almost no HCN is detected in
the 100 K experiment corroborates this theory, as the mobility of radical species
is expected to be enhanced at higher temperatures.
The formation of · CN, absorbing around 380 nm (in the UV-vis), is shown
in Fig. 5.3c. We see that · CN is produced at the highest rate at the start of
the irradiation, suggesting it may be the reactive intermediate through which
HCN forms. We do not find significant · CN signals in the UV-vis spectra in
the Gly:H2O experiments, which shows that · CN is likely directly consumed
in reactions that involve water or water photoproducts. Considering that
· CN may be the source of the formed HCN, the absence of · CN in the water
experiments may explain the low abundance of HCN in the ASW experiments.
Fig. 5.3d shows the production of OCN–, a well known interstellar ice con-
stituent (van Broekhuizen et al., 2005), but not a priori expected here following
the reactions reported in the literature (Ehrenfreund et al., 2001; Sagstuen et al.,
2004). Comparing OCN– abundances at 10 and 100 K in the Gly:H2O experi-
ments, we see much less OCN– forming at the higher temperature. A reaction
between · OH radicals and · CN would explain the abundance of OCN– and
the absence of · CN in the ASW experiments. Note also that OCN– is a known
photoproduct from the irradiation of HCN in water (Gerakines et al., 2004).
Combining the information gained from the UV-vis and FTIR experiments
in Ar, we find that the photolysis of Gly results in the formation of · CN and
13CO2. Hydrogenation by H atoms formed in this process yields the formation
of HCN. This reaction scheme explains the absence of evidence of methylamine
and methylimine in previous experiments. If Gly is placed in an ASW matrix,
this adds further chemical complexity to the reaction chain, resulting in the
formation of OCN– and changes in the HCN, · CN and CO2 production rates.
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5.3.2 Photodegradation rates of Gly as a function of H2O thickness
Monitoring the fluence dependency of the abundances of the photoproducts
provides a quantitative tool to characterize the photostability of Gly, even
when the destruction of Gly itself cannot be directly traced. To constrain the
shielding effect of ASW, we perform a series of experiments where the ASW
thickness is increased, and quantify the destruction rate of Gly at each ice
thickness. Ten experiments were performed, five in ASW at 10 K and five at
100 K; see Table 5.2 for the full list. We use the formation of 13CO2 to monitor
the progress of the photodestruction of Gly. With thicker ices, a larger fraction
of the Gly will be embedded deeper in the ice where the effective VUV flux
is lower. We use the resulting destruction rates, determined as a function of
thickness, to calculate the VUV shielding of water.
In Fig. 5.4 we show the time-dependent column density of 13CO2 for the
total of 11 experiments we performed. Each experiment has a different ice
thickness and is represented by a unique marker (see Table 5.2). The left panel
of Fig. 5.4 shows five experiments performed in ASW at 10 K in blue, and one
in Ar at 10 K in black. The five 100 K ASW experiments are shown in the right
panel of Fig. 5.4 in red. The corresponding column density of 13CO2 upon VUV
irradiation is fit using:
[13CO2] = N f (1− exp(−kprt)), (5.1)
N f is the total amount of produced
13CO2 in [molecules cm−2], t is the time,
and kpr is the production rate constant. Considering that the starting column
densities of Gly are approximately the same, the initial 13CO2 production
rate and the value N f constrain the effect of the thickness of water on the
photostability of Gly. The 13CO2 formation rate, Rd, is given by:
Rd = kpr N f (5.2)
To determine kpr and N f , we take into account only the first 1500 seconds
of irradiation (corresponding to a fluence of 2.6±0.5·1018 photons cm−2), as the
column density of 13CO2 appears to stabilize after this in several experiments,
especially in the experiments performed at 100 K. The absence of additional
13CO2 production suggests that either the reaction has fully progressed, or
that 13CO2 is being consumed, as is clearly seen in the Gly:Ar experiments
(Fig. 5.3a). The kinetics of the 13CO2 formation are consistent with the latter:
92 Chapter 5. The photochemistry of glycine in water ice
















































FIGURE 5.4: Column densities of 13CO2 produced in: (a)
Gly:H2O at 10 K (blue) and Gly:Ar at 10 K (black) and (b):
Gly:H2O at 100 K (red). The thick solid line is the fit of Eq.
5.1. The experiments are plotted as a function of time. VUV
irradiation is started at t = 0. Each experiment has a unique
marker, see Table 5.2.
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FIGURE 5.5: The 13CO2 formation rates, Rd, of the different
experiments shown as a function of the ice thickness. Each
experiment has the same unique markers as Fig. 5.4 , also see
Table 5.2.
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photochemical reactions are expected to follow an exponential behavior for the
production of reactants and this is clearly not the case for the 13CO2 production
at 100 K for irradiation times beyond 1500 s.
The fit parameters N f and kpr are listed for the different experiments in
Table 5.2. We see that N f and kpr both decrease as a function of ASW thickness.
The experiments performed at 100 K consistently show lower values of N f and
kpr. All of the corresponding values of Rd are shown in Fig. 5.5 as a function
of thickness. The blue markers are from the experiments at 10 K, and the red
ones correspond to the experiments performed at 100 K.
Half-life times of Gly in ASW
The half-life times of Gly in the ASW experiments cannot directly be deter-
mined as no Gly signals can be recorded but instead, the photoproduct 13CO2
is monitored. 13CO2 formation can be linked quantitatively to Gly photo-
fragmentation, but only when further reactions with 13CO2 can be ruled out.
In the experiments at 10 K, no 13CO2 destruction is observed and we assume
that the CO2 production rate is equal to the Gly destruction rate (kpr = kde). We
determine the half-life time of Gly in the cases where the photodestruction of
Gly has fully progressed. This is true for the 10 K experiment with the lowest







with kde = 1.8 · 10−3 s−1, we calculate a half-life time of 380±20 seconds for the
experiment at 10 K with an ice thickness of 155 nm (see table 5.2).
Ehrenfreund et al. (2001) reported a half-life time of Gly in water of 1000
seconds. This was for a water thickness of 0.2 µm and is approximately double
our half-life time at this ice thickness (the 10 K experiment with a thickness
of 206 nm). The amount of Gly used in that study is roughly ten times what
is used in our study however, which may result in self-shielding, causing an
increase in the half-life time.
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TABLE 5.2: Overview of the Gly:H2O and Gly:Ar experiments,
and the resulting N f , kpr and Rd values.
Thickness Temp. Mixing ratio N f kpr Rd Marker
[nm] [K] Gly:matrix [molecules] [s−1] [molecules s−1 cm−2] in Fig. 5.5
Ar 10 1:116 4.3·1015 2.9±0.2·10−3 1.3·1013
155 10 1:61 6.7·1015 1.8±0.1·10−3 1.2·1013
206 10 1:81 6.2·1015 1.4±0.1·10−3 8.9·1012
214 10 1:84 6.5·1015 1.4±0.1·10−3 8.8·1012
407 10 1:160 3.1·1015 1.3±0.1·10−3 4.1·1012
675 10 1:265 2.6·1015 1.1±0.1·10−3 2.8·1012
145 100 1:57 4.1·1015 1.7±0.1·10−3 6.9·1012
183 100 1:72 3.9·1015 1.9±0.1·10−3 7.3·1012
204 100 1:80 3.1·1015 1.8±0.1·10−3 5.5·1012
545 100 1:214 1.3·1015 1.5±0.1·10−3 2.0·1012
661 100 1:260 8.4·1014 1.7±0.1·10−3 1.4·1012
5.3.3 Protection of the water matrix
We will now use the formation rates of 13CO2, Rd at the different thicknesses,
to quantify the shielding effect of water on the embedded Gly. The VUV flux
inside the ice decreases with thickness as H2O absorbs a part of the VUV
photons. Thus, we expect the photodegradation rates of Gly to decrease in
thicker ice layers. This is indeed what we conclude from Fig. 5.5 where a
decreasing 13CO2 formation rate for thicker ices is shown. The VUV flux in
the ice decreases exponentially with depth inside the ice according to the
Lambert-Beer law:




where Id is the flux at depth d in the ice and δ is the attenuation constant, which
translates to the amount of water required to decrease the flux by an amount
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The rate of a photochemical typically scales linearly with the incident flux,







where α is the efficiency of the photochemical reaction (i.e. the product of
the cross section and quantum yield). α will be eliminated by looking at the
normalized formation rates. As d increases, exp(−dδ ) approaches zero, and the
respective rates effectively scale as δd : as the thickness d increases, the effec-
tively exposed fraction of Gly decreases. We can now quantify the shielding
effect of water, treating both sets of Rd at the 10 and 100 K separately. We
normalize each series to the highest rate, which is the rate in the thinnest ice at
that temperature, and fit δd to the normalized destruction rates. The result is
shown in Fig. 5.6. The values for δ are very similar at both temperatures (151
at 10 K vs. 153 at 100 K) indicating that the light penetration is the same within
our margins of error. Note however that the formal error quoted here does not
include the uncertainty in the infrared band strength of water that is used to
determine the ASW thickness (typically the error is assumed to be in the order
of 20 %).
We can compare our δ-value with that as derived from Cruz-Diaz et al.
(2014) who studied the VUV spectrum of ASW and reported 95 % and 99 %
absorbing column densities. From their reported average cross section between
120 and 165 nm, we derive a value of δ = 61 nm, which is about a factor 2.5
smaller than derived from our work. The difference between these values
likely comes from to the emission of the lamp above 160 nm, where water ice
absorbs significantly less VUV light than the average of the spectrum, from
which the shielding was calculated (Cruz-Diaz et al., 2014). In fact, our value
for δ is more consistent with findings from studies where polycyclic aromatic
hydrocarbons are irradiated with VUV light in water, where often several
micrometers of water ice is used and find significant photodestruction and/or
ionization (Bouwman et al., 2009).
5.3.4 Astronomical impact
We will now derive an equation that allows us to calculate the required ice
thickness ds for Gly to survive under a photon flux Is for a given time ts,
depending on δ. As the half-life times directly scale with the flux, and the flux
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FIGURE 5.6: Normalized 13CO2 formation rates in the different
Gly:H2O experiments as a function of thickness. The blue data
points are from the experiments at 10 K, the red points at 100 K.
The solid lines represent the fit of δd to the rates. The resulting
values of δ are shown in the corresponding color in the figure.
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TABLE 5.3: Half-life times of Gly at different locations in the
solar system. The final column indicates how thick of a water
ice layer would need to be to increase the half-life time to 100
million years.
VUV flux Half-life time Gly Thickness d, t 1
2
= 100 Myr
cm−2 s−1 [s] [nm]
Laboratory 1.7 · 1015 3.8 · 102 4.5 · 103
Dense Cloud 1 · 103 6.4 · 1014 2.4 · 102
decreases as a function of thickness according to Eq. 5.4, the following relation
can be established:







Using the half-life time of Gly of 380 seconds, the stability of Gly in astronomi-
cal environments can now be estimated. In Table 5.3 we show the calculated
values for half-life times of Gly in ASW dark cloud conditions. The VUV flux
in dark clouds is assumed to be 103 photons cm−2 s−1 (Prasad and Tarafdar,
1983; Shen et al., 2004). Using Eq. 5.7, the respective fluxes and the water VUV
attenuation factor of δ = 152 nm, we calculate how thick a layer of ice would
have to be for embedded Gly to have a half-life time of 100 Myr under these
conditions, see Table 5.3.
As the expected thickness of ice on dust grains in dark clouds is at expected
to be between a few to a few tens of nm, the required shielding is likely not
obtained in these environments purely from H2O. Possibly though, with the
half-life time of Gly being in the order of a few tens of millions of years, part of
it may possibly survive and potentially end up in comets, depending on the
times it would take before the cloud evolves to collapse and form a star. The
lifetime of dark clouds is currently still somewhat of a discussion point within
the community. Typical lifetimes for the evolution of a dark cloud into a young
stellar object are in the 10-100 Myr range (Bergin and Tafalla, 2007), which is
why we use 100 Myr for the calculation in Table 5.3. It should be noted that the
numbers in Table 5.3 are upper limits for the required thicknesses, as no other
ice constituents are included in the calculation as we only considered the effect
of ASW. If one would assume a complex interstellar ice mixture, containing
silicate grains, carbonaceous material, PAHs as well as other ice components
like methanol and CO2, the VUV penetration will be less, and as a consequence
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less thick ice layers will provide a comparable amount of protection against
photodegradation.
5.4 Conclusions
We have shown in a laboratory-based experiment that it is possible to derive the
protective properties of ASW in the VUV induced photodegradation process of
embedded glycine. We demonstrated the photodestruction of Gly in ASW at
different temperatures yield different products. It is found that for pure ASW
ices may provide some, but likely not sufficient protection to enable glycine to
survive in a dark-cloud for extensive periods of time.
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Hoewel een blik op de nachtelijke hemel doet vermoeden dat zich tussen
ons en de sterren – de interstellaire ruimte – vrijwel niets bevindt, zijn daar
wel degelijk aanzienlijke hoeveelheden atomen, moleculen en stofdeeltjes
aanwezig. Het voornaamste deel van de materie in de interstellaire ruimte
bestaat uit moleculair waterstof en atomair helium. Slechts ongeveer 1% van
de massa bestaat uit zwaardere atomen, vooral koolstof, stikstof, zuurstof,
silicium, zwavel, en ijzer, gevormd tijdens de kernfusie processen van eerdere
generaties sterren. Vanuit een chemisch perspectief zijn juist die zwaardere
atomen erg interessant, omdat deze in staat zijn om meerdere bindingen aan te
gaan en op die manier grotere moleculen te vormen, waaronder ook organische
moleculen. Inmiddels zijn er meer dan tweehonderd verschillende moleculen
gevonden in het interstellaire medium; klein en groot, stabiel en reactief. Het
merendeel van deze moleculen bestaat uit zwaardere atomen, wel of niet
in combinatie met waterstof, en bevindt zich vooral in dichte of donkere
moleculaire wolken, waar ook nieuwe sterren en planeten ontstaan. Naast
stoffen in de gasfase bevatten deze wolken ook stofdeeltjes, zoals silicaten
en roetachtige koolstof deeltjes. De stofdeeltjes spelen een erg belangrijke rol
omdat ze hoog energetisch licht absorberen, met als resultaat dat ze de materie
dieper in de wolk voor straling afschermen. Hierdoor is het mogelijk dat
moleculen vormen met bindingen die niet stabiel zouden zijn in omgevingen
waar wel veel straling voorkomt. Deze afscherming zorgt er ook voor dat meer
naar het centrum van de wolk de temperatuur daalt tot rond de 15 Kelvin
(- 258 ◦C). Bij deze temperaturen vriezen praktisch alle moleculen vast op de
aanwezige stofdeeltjes, met als resultaat de vorming van laagjes interstellair ijs.
Deze ijzige stofdeeltjes blijken een belangrijk rol te spelen in de chemie van het
interstellaire medium en zijn het onderwerp van dit proefschrift.
Een groot deel van de moleculen dat gevonden is in de ruimte, kan niet
gevormd worden via gasfase reacties, omdat zelfs in de dichte moleculaire
wolken de dichtheid veel te laag is voor voldoende botsingen in de gasfase.
Een efficiënt alternatief om toch nieuwe moleculen te vormen voor deze lage
dichtheid is in de vaste fase op de ijzige stofdeeltjes. De rol die de ijslagen
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hierbij spelen is tweevoudig. De ijslagen bieden een reservoir voor de verschil-
lende atomen en moleculen, waardoor de kans dat deeltjes zich door middel
van diffusie kunnen treffen aanzienlijk groter wordt. Daarnaast kunnen ijzige
stofdeeltjes de energie absorberen die vrijkomt bij de vorming van moleculaire
bindingen, wat de reactieproducten stabiliseert. Ondanks de afscherming door
stofdeeltjes, is ook diep in de moleculaire wolken een continue bron van ener-
getische straling aanwezig: kosmische straling. Deze kosmische straling kan
H2 ioniseren, waardoor licht gegenereerd wordt in het vacuüm ultraviolette
deel van het elektromagnetisch spectrum (licht met golflengten tussen de 121
en 200 nm). Dit vacuüm ultraviolet licht speelt een belangrijke rol in de chemis-
che processen die plaats vinden op de ijzige stofdeeltjes. Wanneer een donkere
interstellaire wolk onder zijn eigen gewicht in elkaar stort, wordt de dichtheid
hoger, en uiteindelijk resulteert dit in de vorming van een jonge ster. Een deel
van het chemisch verrijkte materiaal eindigt niet in de ster, maar in een schijf
er om heen; dit is het materiaal waaruit planeten, manen en ook andere hemel-
lichamen zoals kometen ontstaan. Op het moment dat de ster gaat stralen,
worden de ijzige stofdeeltjes wederom bestraald, nu met licht, waardoor foto-
geïnduceerde reacties kunnen plaatsvinden. IJscomponenten kunnen uit het
ijs verdampen, en bestaande chemische bindingen kunnen vervolgens worden
verbroken door de UV straling. Uit de nieuw gevormde fragmenten kunnen
dan weer nieuwe en mogelijk complexere moleculen ontstaan.
Een bepaalde groep van deze moleculen verdient speciale aandacht, omdat
deze wellicht een belangrijke rol hebben gespeeld bij het ontstaan van het
leven: de prebiotische moleculen. Laboratorium astrofysisch onderzoek heeft
aangetoond dat prebiotische moleculen kunnen ontstaan onder de condities
in moleculaire wolken. Gezien dit chemisch verrijkte materiaal ook eindigt
als materiaal waaruit planeten ontstaan, is de samenstelling van het ijs op de
stofdeeltjes erg interessant voor ons begrip van het ontstaan van het leven hier
op aarde, en mogelijk ook op andere locaties.
Naast de prebiotische moleculen zijn de polycyclische aromatische kool-
waterstoffen (PAKs) erg interessant voor ons begrip van de chemie van het
universum. Er wordt gedacht dat ongeveer 10% van alle koolstof voorkomt
in de vorm van PAKs, en dat deze PAKs een belangrijke rol spelen in de
fysische en chemische processen in de ruimte. Voorbeelden hiervan zijn: 1)
de absorptie van hoog energetische straling, wat leidt tot lokale opwarming,
of 2) als katalysator in de vorming van moleculair waterstof. Gezien de lage
temperaturen in moleculaire wolken is het te verwachten dat de PAKs daar ook
in ijslagen terecht komen, blootgesteld worden aan de vacuüm ultraviolette
straling, en dus bijdragen aan de chemische processen in het ijs.
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Het bestuderen van de ijslagen op interstellaire stofdeeltjes wordt gedaan
door met infraroodtelescopen naar de donkere wolken te kijken. Hierbij dienen
achterliggende sterren als lichtbron. Moleculen en stofdeeltjes in de wolk
absorberen allemaal een eigen, specifiek deel van het sterlicht. Onze atmosfeer
absorbeert veel straling in het infrarood, de reden waarom observaties van
interstellair ijs voornamelijk vanuit de ruimte gedaan worden. Op deze manier
zijn er meer dan tien verschillende moleculen in het ijs geïdentificeerd, met als
voornaamste component water, en daarna koolstofdioxide en koolstofmonox-
ide. Naast astronomische waarnemingen, zijn laboratorium simulaties van
interstellair ijs cruciaal voor ons begrip van de processen die in het ijs plaatsvin-
den. De chemische evolutie van interstellair ijs kan gesimuleerd worden door
ijsmengsels bloot te stellen aan vergelijkbare stralingsbronnen waar materie in
de ruimte onderhevig aan is. Daarnaast zijn de astronomische waarnemingen
niet goed te begrijpen zonder referentie spectra die gemeten worden in het
laboratorium.
In dit proefschrift wordt de rol van water als de hoofdcomponent van
interstellair ijs in het laboratorium bestudeerd. Hierbij heb ik gekeken naar het
effect van waterijs onder verschillende vormen van straling in het ultraviolet-
zichtbare deel van het elektromagnetische spectrum. Gezien straling in dit
golflengtegebied veel voorkomt in zowel donkere wolken (in het vacuüm ultra-
violet) als in zonnestelsels, is een goed begrip van de interactie van waterijs
met dit licht van groot belang. Licht met golflengten korter dan ongeveer 160
nm is energetisch genoeg om water te fragmenteren, met als gevolg chemisch
erg reactieve fragmenten. In het ultraviolet-zichtbare deel van het spectrum,
licht met golflengtes tussen de 200 en 750 nm, reageert water zelf niet, maar
het ultraviolette deel is energetisch genoeg om veel moleculaire bindingen te
verbreken, zeker als het gaat over complexere, grotere (prebiotische) moleculen.
De voortplanting van dit licht door waterijs is dus belangrijk voor het lot van
onder andere de prebiotische moleculen.
In Hoofdstuk 2 beschrijf ik de experimentele opstelling die voor het onder-
zoek in dit proefschrift is gebruikt, de procedure om het ijs te maken, en de
analysemethodes in detail. Door op een gecontroleerde manier gas te lekken
in een vacuüm opstelling, kunnen interstellaire ijs analogen gemaakt worden
op een koud (∼ 10 K) venster. Door tegelijkertijd met de ijsgroei prebiotische
moleculen of PAKs te vervluchtigen in een interne oven kunnen deze in het
ijs gemengd worden. Het venster is transparant en het ijs kan in de opstelling
gelijktijdig in het ultraviolet-zichtbare en infrarode deel van het spectrum
geanalyseerd worden, eventueel met gelijktijdige bestraling in het vacuüm
ultraviolet.
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In Hoofdstuk 3 leg ik een nieuwe methode uit, die ik heb ontwikkeld om de
brekingsindex van waterijs te bepalen. Met behulp van deze methode wordt
zowel amorf als kristallijn ijs bestudeerd, en zijn voor het eerst hoge-resolutie
optische constanten beschikbaar voor waterijs in het ultraviolet-optische deel
van het spectrum. In amorf ijs is geen regelmatige kristalstructuur aanwezig, en
bovendien varieert de dichtheid met temperatuur. In de ruimte is voornamelijk
amorf waterijs aanwezig, omdat over het algemeen de temperatuur te laag is
zijn om watermoleculen te laten kristalliseren. Doordat ik de ijsexperimenten
voor verschillende temperaturen en golflengtes heb uitgevoerd, is het mogelijk
om een algemene formule op te stellen die de brekingsindex van waterijs
geeft als functie van de golflengte en de dichtheid van het ijs. Deze formule
geldt zowel voor amorf- als kristallijnijs, die beide in dit hoofdstuk worden
besproken.
In Hoofdstuk 4 bestudeer ik de PAK trifenyleen in water- en argonijs in
het optische gebied. Trifenyleen heb ik blootgesteld aan vacuüm ultraviolette
straling, hetgeen resulteert in ionisatie en een volledig ander optisch spectrum.
Gezien het feit dat PAKs buitengewoon stabiel zijn als ionen in ijs, wordt
gedacht dat deze ionen mogelijk waar te nemen zijn in de vaste fase in de
ruimte. Daarnaast heb ik de absorptie van het ion van trifenyleen vergeleken
met de absorptie van een stofwolk in het interstellair medium, waarin veel
absorpties van tot op heden onbekende gassen gezien wordt. Hoewel ik geen
direct uitsluitsel kan geven over de mogelijke aanwezigheid van trifenyleen
in de ruimte, bieden de gepresenteerde data wel het gereedschap om in de
toekomst naar dit molecuul te gaan zoeken, bijvoorbeeld met de nieuwe gener-
atie optische telescopen. Trifenyleen is een geschikte kandidaat voor onderzoek
naar het optische spectrum van een PAK ion in de gasfase.
In Hoofdstuk 5 analyseer ik de rol van waterijs in de fotodestructie en
fotochemie van het aminozuur glycine. Hiervoor heb ik glycine gemengd in
waterijs, en de fotochemische reacties geanalyseerd voor een aantal verschil-
lende ijsdikten. De diepte tot waar vacuüm ultraviolet fotonen door kunnen
dringen in het waterijs heb ik op deze manier bepaald, en dit blijkt aanzienlijk
dieper te zijn dan wat men zou verwachten op basis van het absorptiespectrum
van water in dit spectraal gebied. Door de fotochemische reactie te volgen,
zowel in waterijs als in een chemisch inert argonijs, laat ik zien dat water of
fragmenten van water reageren met de afbraakproducten van glycine, en dat
waterijs dus een actieve rol speelt in de fotochemie.
Concluderend draagt dit proefschrift bij aan ons begrip van water als de
voornaamste component in interstellair ijs. Ik heb water bestudeerd in het hele
golflengtegebied van 120 tot 750 nm. In het vacuüm ultraviolette gebied, van
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120-200 nm, vindt fotochemie plaats, waarbij water afbreekt ten gevolge van de
straling, en de gevormde fragmenten met componenten in het ijs reageren. Ik
heb gekwantificeerd in hoeverre water als medium een beschermende werking
kan hebben op de moleculen die in het waterijs zijn gemengd. In het langere
golflengte gebied van 200 - 750 nm wordt water niet langer afgebroken, maar
dient wel als medium voor de voortplanting van straling. Het grootste deel
van de moleculen die gevonden worden in de ruimte zat op een bepaald punt
vastgevroren in een waterijsrijke omgeving. Om de chemie zowel in de ruimte,
als in het uiteindelijke moleculaire budget van planeten te begrijpen, is daarom
het karakteriseren van de rol van water van groot belang. Waterijs blijkt een
reactieve partner in fotochemische reacties, en biedt slechts deels bescherming
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